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ABSTRACT 
 
 
Rotavirus is a leading cause of gastrointestinal infections worldwide resulting in severe 
diarrhea and dehydration among children (Parashar et al., 2006).  Rotavirus “ubiquitous” 
occurrence in water systems raises fundamental questions regarding interactions with surfaces 
that may affect its fate and transport.  Consequently, the main objectives of this study were: 1) 
investigate the mechanisms that govern rotavirus interactions with environmental surfaces; and 
2) examine the role of solution chemistry on these mechanisms.   
Interactions between rotavirus particles under different solution chemistries were studied 
by time-resolved dynamic light scattering.  No rotavirus aggregation was observed in NaCl 
solutions of up to 600 mM whether in the presence or absence of Suwannee Riven natural 
organic matter (SRNOM).  Rotavirus aggregation was detected in SRNOM and divalent cation-
containing solutions, and was faster than in the solely presence of divalent cations.  Calculated 
attachment efficiencies were always higher in CaCl2 than MgCl2 solutions of the same 
concentration.  Deposition of rotavirus on silica or SRNOM-coated silica surface was studied 
using quartz crystal microbalance technique.  Experimental attachment efficiencies for rotavirus 
adsorption to silica or SRNOM-coated surface in MgCl2 solution were lower than in CaCl2 of the 
same concentration.  No rotavirus deposition on both surfaces was observed in NaCl solutions. 
Atomic force microscopy (AFM) was used as a complementary technique to study interaction 
forces at the nano-scale. Decay lengths at different NaCl concentrations showed non-electrostatic 
repulsive forces as mainly responsible for eliminating rotavirus aggregation. Stronger adhesion 
forces were measured for rotavirus-rotavirus and rotavirus-SRNOM interactions in CaCl2 
compared to those in MgCl2 solutions of the same concentration.   
Rotavirus interactions with two NOM isolates of different characteristics in NaCl 
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solutions were studied by AFM.  Colorado River-NOM (CRW) and SRNOM were selected as 
model non-humic and humic NOM, respectively. Rotavirus showed repulsive forces to SRNOM 
during approaching regime and no adhesion during retraction even at high ionic strength.  
Attractive forces were observed between rotavirus and CRW during approaching and high 
adhesion during retraction. These results indicate two different mechanisms based on the 
dissimilar characteristics of the two NOM isolates.  Additional control experiments suggest ionic 
hydrogen bond-based and electrosteric-based interactions as major mechanism between 
rotavirus-CRW and rotavirus-SRNOM, respectively.   
Besides electrostatics, results from this study suggest that steric repulsion, acid-base 
interactions, and divalent cation complexation with carboxylate groups on rotavirus surface and 
NOM are important mechanisms controlling rotavirus deposition and aggregation.  In addition, 
the specific surface characteristics of NOM and solution ionic composition have a profound 
effect on the interactions with rotavirus that might affect its fate and transport in water systems.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Background 
Enteric viruses (e.g., norovirus, sappovirus, adenovirus, astrovirus, or rotavirus) are a 
major causative of gastrointestinal infections worldwide mainly in developing countries due to 
socioeconomic and epidemiological reasons.
1, 2
   Specifically, rotavirus is responsible for 
approximately 600,000 annual deaths of children and it is considered a leading cause of diarrhea 
among children, elderly, and immunocompromised.
3-6
  Fairly successful vaccines have been 
already developed.
7, 8
 However, the availability of these vaccines in economically-sensitive 
regions is limited.  Besides fecal-oral route, contaminated water represents an important vector 
of rotavirus transmission. In fact, documented rotavirus waterborne outbreaks have been reported 
worldwide (e.g., Sweden, Brazil, Russia, USA, Germany, Israel, China, etc.).
6
  Using different 
techniques, rotavirus has been detected in every natural and engineered water system such as: 
raw and treated sewage, surface water, groundwater, marine waters, recreational waters, and 
even drinking water treatment plants (of poor infrastructure).
6, 9-14
  This “ubiquitous” occurrence 
raises fundamental questions regarding the interacting mechanisms occurring between rotavirus 
and surfaces that may affect rotavirus fate and transport in water systems.   
Interactions between environmentally relevant surfaces (e.g., silica, iron 
oxides/hydroxides, mica, sand, etc.) and enteric viruses or bacteriophages (i.e., widely used as 
surrogates for enteric viruses) have been extensively studied.
10, 15
  These studies have provided 
essential information regarding transport and fate phenomena.  Electrostatic interactions have 
2 
 
proven important during virus adsorption to surfaces.  For instance, in laboratory studies (batch 
and column experiments), MS2 was electrostatically adsorbed to positively-charged iron oxides 
(magnetite particles and hematite nanoparticles) at environmental pH.
15, 16
    Similarly, in field 
experiments electrostatic interactions between iron oxide-coated sand and bacteriophage PRD1 
or MS2 were proposed to control virus transport.
17-21
  Other studies also suggested electrostatics 
to play an important role during the adsorption of MS2, T2 bacteriophage, poliovirus 1, reovirus 
type 1, and reovirus type 3 (all below their isoelectric points) to negatively-charged silica 
surfaces.
22
  Using quartz crystal microbalance (QCM), MS2 deposition rate on silica surfaces 
was observed to increase with increasing monovalent (Na
+
) or divalent cation (Ca
2+
 or Mg
2+
) 
concentration in solution, indicating an active role of solution chemistry during MS2-silica 
interaction.  Nevertheless, several comparative studies have clearly remarked the importance of 
the surface characteristics of viruses on their interaction with different surfaces.  For instance, 
different adsorption behaviors were observed for PRD1, MS2, poliovirus, and X174 
bacteriophage to soils in groundwater during batch and column experiments.
23
  Similarly, MS2 
was filtered less than recombinant Norwalk virus in quartz sand during column experiments.
24
   
This remarked differences would be attributed to the dissimilar surface characteristics of the 
viruses used in these investigations.  These characteristics may widely vary between different 
type of viruses and even between different strains of the same type of virus (e.g., protein 
structure of outermost capsids of rotavirus or MS2, different isoelectric points of different strains 
of poliovirus, and different surface distribution of hydrophobic/hydrophilic neutral/charged 
residues among different rotavirus strains).
10, 25-29
  Consequently, the abovementioned 
investigations give us a clear insight of the importance and implications of the selection of a 
model virus as a function of its surface properties. 
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Similarly, due to the ever-present nature of natural organic matter (NOM) in water 
systems, interactions between viruses and NOM have received wide attention by recent studies.  
Firstly, NOM has been defined as a complex and heterogeneous mixture of decayed 
polyfunctional organic compounds, present in nature at wide concentrations and molecular 
weights.
30-33
  NOM have been extensively proposed to change the surfaces properties of mineral 
surfaces by means of adsorption (e.g., oxide-coated quartz, mica, or feldspar grains) and to 
compete with viruses for available attachment sites.
16, 17, 20, 34
  For instance, the presence of 
natural organic matter was observed to inhibit the adsorption of MS2 to hematite and magnetite, 
and of PRD1 to goethite in laboratory studies (batch experiments) and to hinder the deposition of 
MS2 and PRD1 to mineral surfaces in field experiments (iron oxide-coated sand aquifer).
16, 35, 36
 
17-21
  Additionally, steric interactions have been widely suggested to arise between MS2 and 
NOM, due to the complex polymeric structures of NOM itself.
37, 38
  Conversely, other studies 
have proposed hydrophobicity to promote the interaction between PRD1 or MS2 and NOM.
39, 40
  
Another investigation observed no significant influence of dissolved organic matter on the 
transport of MS2 in sandy soils.
41
  In addition to surface properties of viruses, results from the 
abovementioned studies suggest that the interaction between NOM and viruses would also 
depend on the specific characteristics of NOM (e.g., aromaticity/aliphaticity, elemental 
composition, molar ratios, major functional groups, etc.) as proposed elsewhere.
38
  Interestingly, 
the physicochemical characteristics of NOM are highly dependent on their origins.
42-44
  For 
instance, previous characterization works have found significant differences between NOM 
isolates collected from a variety of natural water sources.
33, 45, 46
   
Finally, recent studies have also focused on virus/virus interactions under different 
solution chemistries.  Attractive interactions were observed among MS2 particles with 
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decreasing pH approaching isoelectric point (i.e., pH at which viruses carries no net electric 
charge).
47
  In a similar study, MS2 showed high stability even at high concentration of 
monovalent cation in solution, suggesting strong steric and/or electrosteric effects.
48
  Conversely, 
aggregation was induced in the presence of divalent cations, possibly due to cation bridging 
mechanisms between charged moieties on MS2 surface.   
As described above, fate and transport of diverse viruses in water systems have been 
widely studied at the micro-scale (e.g. transport and recovery of viruses in iron oxide-coated 
sand aquifer; transport and retention of viruses in sand/modified sand/iron oxide/iron 
hydroxides/gravy/sandy soils columns simulating porous media).  However, the development of 
new procedures for studying and quantifying interactions at the nano-scale between virus-virus 
and virus-environmentally relevant surfaces are of great importance. In addition, considering the 
high impact of rotavirus in our society, there has been (to the best of our knowledge) very limited 
research involving this pathogen as a model virus.  Consequently, additional studies are essential 
to improve our understanding of this phenomenon, as well as the fundamental mechanisms that 
govern those interactions.  
1.2 Objectives 
The central objectives of this study were to: 
- Develop a methodology to study surface interactions at the nano-scale between rotavirus 
particles, and rotavirus and environmental surfaces (e.g., mica, silica, quartz, and NOM-
coated surfaces).  These systems are representative of fate and transport of rotavirus in 
subsurface.   
- Elucidate the specific mechanisms (electrostatic screening, steric repulsion, cation bridging, 
hydrogen bonding, etc.) that govern the interactions between rotavirus and NOM as a 
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function of the physicochemical characteristics of NOM. This central objective had a special 
focus on NOM due to its ubiquitous presence and high impact in every ecosystem in the 
planet. 
- Examine the role and influence of solution ionic composition (ionic strength, presence of 
monovalent/divalent cations) on the main interacting mechanisms between rotavirus and 
surfaces. 
To accomplish these objectives, the tools used and methods developed were specially adapted to 
mimic natural and engineered water system under very controlled experimental conditions.   
1.3 Experimental approach 
This investigation was conducted using multiple sensitive techniques to study the 
interactions between rotavirus particles and between rotavirus and environmental surfaces at 
different solution chemistries.  Time-resolved dynamic light scattering technique was used to 
determine the aggregation kinetics of rotavirus at different solution chemistries (e.g., 0.1 mM to 
200 mM CaCl2 or MgCl2, and up to 600 mM NaCl).  The incidence of NOM in solution (e.g., up 
to 20 mg C/L) in the aggregation kinetics of rotavirus was also examined.  On the other hand, 
deposition kinetics of rotavirus on silica surface and Suwannee River NOM-coated surfaces were 
determined by quartz crystal microbalance technique at different electrolyte solutions (e.g., up to 
1 mM CaCl2, or MgCl2, or NaCl solutions).  The interpretation of the resulting data followed 
well-established theories developed deposition and aggregation of colloid and nanoparticles.  
Atomic force microscopy (AFM-contact mode) has proved to be a powerful technique that 
allows measuring specific and non-specific interactions at the very interface.  In addition, bio-
modification of AFM cantilever probes has been a great development for exploring interactions 
in water research.  In the current study, AFM colloidal probes were bio-modified to measure the 
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interaction forces between rotavirus particles, and between rotavirus and silica, mica, or NOM 
coated-surfaces at different solution chemistries.  Results from the abovementioned techniques 
were complemented with micrographs generated by transmission electron microscopy and 
atomic force microscopy-tapping mode, and measurement of electrophoretic mobility.  Finally, a 
detailed description of the protocol followed and developed throughout this study was included 
in the APPENDIX.   
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CHAPTER 2 
DEPOSITION AND AGGREGATION KINETICS OF ROTAVIRUS IN DIVALENT 
CATION SOLUTIONS
1
 
 
2.1 Abstract 
Aggregation kinetics of rotavirus in aqueous solutions and its deposition kinetics on silica 
surface in the presence of divalent (Ca
2+
, Mg
2+
) cations were studied using complementary 
techniques of time-resolved dynamic light scattering (TR-DLS) and quartz crystal microbalance 
(QCM).  Within a reasonable temporal window of 4 hours, aggregation could be observed at 
levels as low as 10 mM of Ca
2+
 and 20 mM of Mg
2+
.  Attachment efficiencies were always 
greater in Ca
2+
 solutions of the same concentration, and the critical coagulation concentration 
(CCC) for rotavirus in Ca
2+
 solutions was slightly smaller than that in Mg
2+ 
solutions.  No 
aggregation was detected in Na
+
 solution within the temporal window of four hours.  Deposition 
experiments showed higher attachment coefficients in solutions containing Ca
2+
, compared to 
those obtained in Mg
2+
 solution.  The classic Derjaguin, Landau, Verwey and Overbeek (DLVO) 
theory failed to predict both the aggregation behavior of rotavirus and its deposition on silica 
surface.  Besides electrostatic interactions, steric repulsions and specific interaction with divalent 
cations were important mechanisms in controlling rotavirus deposition and aggregation.  
Experimental results presented here suggest that rotavirus is not expected to aggregate in 
groundwater with typical hardness (up to 6mM Ca
2+
) and rotavirus deposition on silica soil 
would be more favorable in the presence of Ca
2+
 than Mg
2+
. 
 1Reprinted, with permission, from Gutierrez, L.; Mylon, S. E.; Nash, B.; Nguyen, T. H., 2010, “Deposition and Aggregation 
Kinetics of Rotavirus in Divalent Cation Solutions,” Environmental Science & Technology 44(12): 4552-4557. 
14 
 
2.2 Introduction 
Viruses are bionanoparticles responsible for a wide array of diseases in bacteria, plants, 
and animals, and cause a number of waterborne diseases.
1, 2
  While the number and diversity of 
viruses in soils, sediments and freshwaters varies with host abundance and activity,
3
 they are 
routinely detected in private household wells, municipal wells and even deep confined  
aquifers,
4-6
 and due, in part, to their small of size, viruses (20 – 80 nm) are generally more 
mobile than bacteria (0.5 – 3 µm) and protozoan parasites (4 – 15 µm).1  In light of this, it is 
reasonable to conclude that viruses played a central role in the 76% of waterborne disease 
outbreaks in the United States that were linked to ground water contamination
7
 between 1991 
and 2002.  
Studies on virus fate and transport in natural aquatic systems have focused on the 
interaction of viruses at important environmental interfaces, specifically the mineral/water 
interface and the virus/virus interface.  Results from examples of the former demonstrated the 
importance of electrostatic interactions in the specific situation of viral adsorption to solid 
interfaces.  Using bacteriophages as surrogates for enteric viruses, the field data obtained in an 
aquifer containing iron oxide-coated sands suggested that electrostatic interactions control virus 
transport.
8-12
  In laboratory studies, the deposition of MS2 onto both bare silica and organic 
matter coated silica, Yuan et al.
13
 showed that increasing ionic strength resulted in increasing 
deposition rates due to the higher degree of charge screening.  Virus/virus net attractive 
interactions were postulated by Langlet et al.
14
 as they observed decreases in the mean apparent 
diffusion coefficient of virus suspensions with decreases in pH.  As the pH approached the virus 
isoelectric point (IEP), or pH at which viruses carries no net electric charge, aggregation resulted 
from decreases in electrostatic repulsive interactions.  Most recently, Mylon et al.
15
 showed that 
15 
 
the bacteriophage MS2 exhibited extreme stability against aggregation in the presence of high 
concentrations of monovalent cations suggesting strong steric and electrosteric stabilization of 
MS2.  In this study, however, divalent cations had a profound effect on the aggregation behavior 
of MS2 most likely because of complexation to charged moieties on the MS2 surface.   
Groundwater contamination by enteric virus may cause serious public health concern,
4
 
and therefore there is a need to study the interfacial interactions of these specific viruses.  Some 
experimental evidence suggested that the use of MS2 and other well-studied bacteriophages as 
surrogates for enteric viruses may not be fully justified.  For example, filtration experiments with 
bacteriophage MS2 and recombinant Norwalk virus particles suggest that bacteriophages may 
not be a suitable surrogate for virus transport experiments because of the different surface 
properties.
16
  Additionally, Gerba and Lance
17
 observed that high concentrations of dissolved 
organic matter did not reduce attachment of polio virus where recent laboratory and field studies 
have demonstrated that under similar conditions bacteriophage attachment
12, 18
 is reduced.  The 
differences here most likely reflect the differences in surface properties between the 
bacteriophages MS2 and poliovirus.   
Even though the use of MS2 as a model virus allows us to obtain a fundamental 
understanding of survivability and transport of viruses, there are important physical differences 
between bacteriophage MS2 and enteric viruses, including rotavirus resulting in an obvious need 
for more studies using enteric viruses.  For example, the protein capsid of MS2 is constructed 
from 180 single polypeptides. Each polypeptide consists of 129 amino acids.
19
  Intact rotavirus is 
a complex dsRNA triple-layered capsid (TLP) virus.  Glycoprotein VP7 (calcium dependent 
trimer with a T=13 icosahedral packing) and protein VP4 (60 monomers protruding as spikes) 
make up the outer capsid.
20, 21
  More important than the higher order structure differences 
16 
 
between MS2 and rotavirus is the distribution of the charged amino acids glutamic acid, aspartic 
acid and lysine about the outer most capsid.  For rotavirus, there are 21 charged amino acids (6 
aspartic acid, 9 Glutamic cid and 6 lysine) in one of the N-terminal proteins, VP8 (located on the 
tip of VP4).  The specific chemistry of these charged moieties in aqueous solutions give rise to 
the  unique characteristics of each type of virus, such as  pH- dependent surface potential and 
isoelectric point (i.e. pHIEP of RV is ~4.5 while pHIEP of MS2 if ~3.5).
22
 
The objectives of this study were to probe the interfacial interactions of an enteric virus at 
the mineral/water interface quartz crystal microbalance technique and the virus/virus interface 
using time-resolved dynamic light scattering and to determine how important components of 
groundwater such as Ca
2+
 and Mg
2+
 might affect these interactions.  Data interpretation was 
based on physical and chemical characteristics of viruses and theories developed for colloid and 
nanoparticle deposition and aggregation. For this study rotavirus was selected because it is the 
most common enteric virus resulting in severe gastroenteritis among children worldwide.
23
   
2.3 Materials and Methods 
Solution chemistries.  Solutions were prepared using deionized (DI) water of a 
resistivity of 18.2 MΩ cm (Millipore, Barnstead, USA).  Electrolyte solutions (i.e. NaCl, 
NaHCO3, MgCl2, CaCl2) were prepared using analytical grade reagents and filtered using a 
sterile vacuum bottle-top 0.22 µm PES membrane filter (Millipore, Barnstead, USA).  HEPES 
buffer was prepared with 100 mM NaCl and 10 mM HEPES (N-(2-hydroxyethyl) piperazine-N′-
2-ethanesulfonic acid) at a final pH of 5.9.  Poly-L-Lysine (PLL) hydrobromide solution was 
prepared in HEPES buffer at a final concentration of 0.1 g/L.  An unbuffered pH of 5.9 was 
selected for this study. 
Rotavirus preparation and infectivity assays. Group A porcine rotavirus OSU strain 
17 
 
(ATCC # VR892) was propagated by MA-104 cells (African green monkey kidney cells) 
following the protocols described previously.
24
  Rotavirus was purified by centrifugation and 
micro and nanofiltration.
22
  Focus forming assay (FFU) using MA-104 cells
25
 was used for 
rotavirus enumeration. The final stock of rotavirus was stored at 4
o
C at a final concentration of 
~5x10
6
 FFU/ml in 1 mM NaCl and 0.1 mM CaCl2 which is required to prevent rotavirus 
dissolution due to structural changes in the outer most capsid of rotavirus.  The critical free Ca
2+
 
concentration that leads to the dissociation of the outermost capsid proteins (VP4 and VP7) of 
porcine OSU rotavirus was quantified as 100 nM.
26
   
 Measurement of electrophoretic mobility (EPM) for rotavirus.  A Zetasizer ZS90 
(Malvern, UK) with 1 mL clear disposable zeta cells (DTS1060C, Malvern, UK) was used for 
measuring the electrophoretic mobility of rotavirus.  Rotavirus was added to desired electrolyte 
solutions (NaCl, NaHCO3, MgCl2 or CaCl2) and DI water to a final concentration of ~8×10
5
 
FFU/ml.  At least 3 measurements per sample were made.  Zeta potential was obtained by 
converting EPM using the Smoluchowski equation by Dispersion Technology Software (v5.10, 
2008, Malvern, UK).  The lowest concentrations of Ca
2+
 and Mg
2+
 employed in this study (0.1 
mM to 10 mM) represents the hardness conditions found in natural groundwater in USA.
27
  
However aggregation rates for both divalent cations concentrations of 0.1mM and 10mM were 
still lower than the diffusion-limited aggregation rate.  Therefore, for aggregation experiments 
we needed to employ even greater concentrations of Ca
2+
 to reach the critical coagulation 
concentration (CCC).
15
   
Transmission electron microscopy (TEM).  Micrographs of rotavirus were obtained by 
a cryo TEM (JEM-2100, JEOL, Tokyo, Japan) operating at 200 kV to ensure the integrity of 
rotavirus particles.  Rotavirus pellets were obtained after centrifugation at 48,500×g for one hour.  
18 
 
These pellets were recovered and re-suspended using a few drops of Karnovsky’s fixative for 20 
minutes.  The virus suspensions were applied to holey-carbon-coated copper grids of 300 mesh, 
and stained with uranyl acetate.   
Measurement of hydrodynamic diameter of rotavirus by dynamic light scattering 
(DLS).  Using a ZS90 Zetasizer (Malvern, UK) the initial hydrodynamic diameter of rotavirus 
was measured before every experiment which served as baseline measurements.  This ZS90 
Zetasizer utilizes a 4 mW HeNe laser operating at a wavelength of 633 nm. Low volume plastic 
cuvettes (ZENO112, Malvern, UK) were used for each experiment and disposed after a single 
use.  Scattered light intensity was measured by a photodiode positioned at a scattering angle of 
90
o 
from the incident laser beam.  Autocorrelation functions were accumulated for 20 seconds 
and the corresponding intensity-weighted hydrodynamic diameter of the rotavirus particles was 
determined through second-order cumulant analysis by Dispersion Technology Software (v5.10, 
2008, Malvern, UK).  Rotavirus solutions were prepared by diluting stock suspensions with DI 
water until a final concentration of ~8×10
5
 FFU/mL.  This initial concentration ensured an 
attenuator setting on the ZS90 Zetasizer of 10, (i.e., 30% of maximum laser power transmitted).  
At least 3 measurements per solution condition were made. 
Time-resolved dynamic light scattering was used to determine the aggregation kinetics of 
rotavirus in solutions of various concentration of either Na
+
, Mg
2+
 or Ca
2+
. For each experiment, 
a rotavirus solution was prepared at the desired concentration of electrolyte solution. The 
solution was given a gentle shake and placed into the Zetasizer instrument as quickly as possible. 
Measurements began immediately and extended over a time period of 4 hours to allow for an 
increase in the intensity-weighted hydrodynamic diameter by 38% of the initial hydrodynamic 
diameter (Dho).
28
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Determination of virus/virus attachment efficiency (1/W).  Rotavirus aggregation 
kinetics were determined by measuring the increase in hydrodynamic diameter (Dh) over time.  
The slope of the initial portion of this curve is directly proportional to the product of the 
aggregation rate constant (commonly, k11) and the initial concentration of rotavirus.
28, 29
  From 
the initial slope, the attachment efficiency or inverse stability ratio, 1/W, was calculated by 
normalizing the experimental aggregation rate constant, k11exp, to the diffusion limited 
aggregation rate constant, k11 rapid ( 11exp 111 rapidW k k ).  
Determination of deposition kinetics by quartz crystal microbalance (QCM).  We 
employed a QCM-D D-300 instrument (Q-Sense, Gothenburg, Sweden) to monitor deposition 
kinetics experiments of rotavirus on silica and functionalized silica surfaces.  For a detailed 
method was reported in our earlier studies on the deposition of bacteriophage MS2.
13, 30
  Briefly, 
QCM-D was used to determine the initial deposition rates of rotavirus in electrolyte solutions on 
silica surfaces in a radial stagnation flow point cell.  As a proxy for naturally occurring silica 
surfaces, ultrasensitive silica sensors (Q-Sense, QSX 303 silica, batch 070117) coated with 50 
nm amorphous silicon dioxide (SiO2) were used.  We confirmed that the oscillating frequency 
was proportional to the total adsorbed mass, in separate experiments where the concentration of 
rotavirus in solution was doubled from 8×10
5
 FFU/mL.  We found that the deposition rate of 
rotavirus at the higher condition was twice that of the lower at the same concentration of 
background electrolyte (1 mM Ca
2+
) confirming that the shift of frequency in time is directly 
proportional to the concentration of viruses adsorbed on the silica surface of the oscillating 
sensor.  The frequency variations were monitored at 3 overtones (n = 3, 5, 7). For all the 
experiments, the initial shift of frequency as a function of time, or slope of the curve at the third 
overtone f(3), was calculated as rotavirus adsorption rate.  For fair comparison, each rotavirus 
20 
 
adsorption rate at a given electrolyte concentration condition is normalized by the rate of 
deposition onto PLL functionalized silica at the same electrolyte concentration (favorable 
deposition rate).   
To ensure data quality and reproducibility of results, the quartz sensors were soaked for 2 
hours in a 2% Hellmanex II cleaning solution (Hellma GmbH & Co. KG, Mullheim, Germany).  
Afterwards the sensor was rinsed with DI water, dried with ultrapure N2 and exposed to 
Ozone/UV for 30 minutes (BioForce Nano-sciences, Inc., Ames, IA).  The sensor was only used 
5 times to ensure that experiments were performed with silica surface (see SI for more 
information). 
The flow rate for all experiments was 0.1 mL/min using a precision syringe pump (Kd 
Scientific Inc., Holliston, MA) operating in withdrawal mode.  Prior to all experiments, the 
sensors were equilibrated with DI water for at least 30 minutes until a stable baseline of no more 
than 2 Hz in change in frequency over 1 hour was achieved.  For deposition experiments on 
silica surface, 2 mL of our choice of electrolyte solution (NaCl, MgCl2, or CaCl2) at the 
concentration of interest was injected to the sensor chamber for equilibration. Following this 
step, deposition experiments were conducted by flowing 2mL of rotavirus suspension at a 
concentration of ~8×10
5
 FFU/ml with the same electrolyte concentration as the previous step.   
To create favorable deposition conditions the sensor was first functionalized with a PLL 
layer.  After the equilibration period with DI water, 2 mL of HEPES buffer was injected to the 
sensor chamber.  Once a stable baseline was achieved (ca 20 minutes), the sensor was coated by 
flowing PLL in HEPES solution a final concentration of 0.1 g/L.  After functionalizing the 
sensor with PLL, 2 mL of HEPES buffer was flowed through the chamber and followed by 2 mL 
of the electrolyte solution at the concentration of interest.   
21 
 
DLVO energy profiles.  The total interaction energy between rotavirus and the silica 
plate surface or between rotavirus particles was calculated as the sum of repulsive electrostatic 
and retarded van der Waals interactions.
31, 32
 Virus-virus interaction in aggregation experiments 
and virus-collector interaction in deposition experiments were calculated based on the DLVO 
energy profiles for sphere-sphere and sphere-plate, respectively.  For the calculation, the zeta 
potential values were used as surface potential of the rotavirus and we used a mean value for 
proteins in water, 4×10
-21
 J, for the rotavirus Hamaker constant (A).
33
    
Softness of rotavirus and Ohshima approximation.  For nanoparticles consisting of 
heterogeneous polyelectrolyte macromolecules (“soft” charged particles) which describes 
functionalized hard particles, some bacterial cells and other biological particles including some 
viruses, the calculated zeta potential can be a poor descriptor of the surface potential for the 
particle because the electrohydrodynamic interactions of soft charged particles are complicated by 
the unrelated anisotropies of both hydrodynamic permeability and charge density.14, 34 Therefore zeta 
potential, widely used for describing the electrokinetic behavior of “hard” particles, loses its meaning 
and instead the Donnan potential is used to determine the electrokinetics of “soft” particles.  The 
theory developed by Ohshima
35
 has been used to account for these differences. From this theory, 
two important parameters, electrophoretic softness and the outer surface potential can be 
determined.  Electrophoretic softness (1/) is defined as the thickness of the soft layer and outer 
surface potential is the potential at the boundary of the soft layer and the solution.
35
  When 1/ 
approaches to zero, the particle can be considered rigid.  These parameters have been reported 
for bacteria, Cryptosporidium oocysts and bacteriophage MS2.
13, 15, 36, 37
  We calculated the 
electrophoretic softness of rotavirus by applying a curve-fitting procedure for the EPM data of 
rotavirus measured in Na
+
 solution to the Ohshima equation.   
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2.4 Results and Discussion 
Characterization of rotavirus: size, electrophoretic mobility (EPM), surface 
potential, and softness.  TEM micrographs of the rotavirus stock solution (Fig. 2.1A) confirmed 
suspensions of intact viral particles with a mean diameter of 75 ± 1 nm (total rotavirus particles 
measured=14) which is the same as previously reported.
22, 38
  No apparent structural damage of 
rotavirus protein capsid was observed as the VP4 proteins (commonly referred to as spikes) 
remained intact.  The mean hydrodynamic diameter of rotavirus in aqueous solutions measured 
before each aggregation and deposition experiment was 113 ± 3 nm (Fig 2.1B).  The mean 
polydispersivity index < 0.25 of the cumulant analysis indicated that the rotavirus suspensions 
were monodisperse prior to each experiment.  Differences between hydrodynamic and TEM 
diameters are well known and result from the hydration of rotavirus in solution during DLS 
measurements contrasted to the cryogenic process required for TEM imaging.
22, 39
  
With increasing cation concentration, the EPM of rotavirus became less negative (Fig. 
2.2A and 2.2B), and reached a limit close to 0 µms
-1
/Vcm
-1
 at an IS of 450 mM for divalent 
cations.  The EPM of rotavirus in Na
+
 solution was always more negative than in divalent cation 
solution at the same ionic strength (IS) (Table 2.1).  Differences between the EPM of rotavirus in 
solutions of divalent vs. monovalent cations are from the complexation of divalent cations with 
deprotonated carboxylic groups located on exposed polar charged amino acids (lysine, glutamic 
acid or aspartic acid) present on the outermost capsids (glycoprotein VP7 and protein VP4) of 
rotavirus,
20, 25
 as previously observed in similar systems.
15
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Figure 2.1 a) TEM micrograph of rotavirus.  Micrographs of rotavirus were obtained using a 
Cryo TEM at 200 kV accelerated voltage by conventional negative staining using Uranyl acetate.  
The diameter of rotavirus based on TEM was ca. 75 nm.  b) Monodispersivity of rotavirus at low 
concentration of divalent cations:  Hydrodynamic diameter of rotavirus at 25
o
C and pH ~5.9 was 
measured at low concentrations of Mg
2+
 and Ca
2+
 (0 to 1 mM) prior to QCM experiments.  The 
hydrodynamic diameter of virus particles in each suspension remained constant over the 
temporal window of our experiments (4 hours). 
 
 
 
 
 Ca
2+
 Mg
2+
 Na
+
 
IS 
(mM) Mob St Dev Mob St Dev Mob St Dev 
30 -0.78 0.03 -0.62 0.07 -1.62 0.13 
90 -0.32 0.08 -0.36 0.04 -0.77 0.07 
150 -0.29 0.05 -0.34 0.04 -0.68 0.07 
210 -0.21 0.05 -0.23 0.02 -0.64 0.16 
300 -0.28 0.12 -0.14 0.03 -0.36 0.07 
450 -0.05 0.04 -0.11 0.03 -0.28 0.15 
600 -0.02 0.06 -0.08 0.09 -0.28 0.24 
 
Table 2.1 Electrophoretic mobility of rotavirus under different solution conditions 
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Figure 2.2 Electrophoretic mobility of a) rotavirus in solutions of low concentrations of 
Ca
2+
 or Mg
2+
 and of b) rotavirus in solutions with different background cations across a range of 
ionic strengths.  All the EPM experiments were conducted at 25
o
C and pH ~5.9 with an initial 
rotavirus concentration of ~8x10
5
 FFU/ml. c) Experimental electrophoretic mobility (open 
symbols), fitted electrophoretic mobility by Ohshima’s theory (solid lines) for rotavirus. The 
error bars are standard deviation for the measured electrophoretic mobility data in Table 2.1 
The electrophoretic mobility of rotavirus as a function of ionic strength was used to 
calculate the outer surface potentials and electrophoretic softness using Ohshima’s equation35 for 
soft particles and zeta potentials using Smoluchowski’s equation.40  Fits to Ohshima’s equation 
were obtained for electrophoretic mobility data only at ionic strengths above 10 mM with the 
fixed charge density and electrophoretic softness used as fitting parameters.  The electrophoretic 
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softness, 1/, is described in terms of length units where  /   and   is the viscosity and  
is the frictional coefficient of the soft layer.
35
  For rotavirus, the 1/= 0.5 nm (Figure 2.2C).  As 
a first approximation the difference in electrophoretic softness of rotavirus compared to that of 
MS2 (1/ = 2.3 nm)15 indicates that rotavirus behaves more like a hard sphere than MS2 and 
therefore DLVO theory is an appropriate choice for modeling its aggregation and deposition 
behavior.  In a recent study for silica particles (RH ~ 1.6 m in diameter) which are commonly 
used as model hard spheres, 1/was calculated as 0.32 nm.36   
Aggregation kinetics of rotavirus in monovalent or divalent cation solutions.  
Rotavirus stability was investigated under a wide range of solution conditions.  We employed  
Na
+
, Ca
2+
 or Mg
2+
 cations as supporting electrolytes at a pH = 5.9.  In Na
+
 solution across an IS 
from 30 mM to 600mM, rotavirus remained stable against aggregation over the 4 hours 
experimental window.  The same trend was observed in our previous research using the 
bacteriophage MS2.
15
  Like MS2, the stability of rotavirus is inconsistent with the predictions of 
DLVO theory for sphere/sphere interactions.  Based on experimental surface potentials for 
rotavirus, diffusion-limited aggregation should be observed at [Na
+
] > 90 mM (Table 2.2).  Our 
results suggest non-DLVO forces are primarily responsible for these stable suspensions of 
rotavirus.  We posit that the VP4 proteins on the capsid contribute steric repulsive forces that 
prevent the aggregation of rotavirus even at very large Na
+
 concentrations.  Steric interactions in 
microorganisms have been extensively studied.
41-43
  In these systems the long-range repulsive 
forces are primarily steric in nature consistent with polyelectrolyte brush layer in 
microorganisms surfaces.  Similar protein loops on the MS2 surface may be responsible for its 
stability as well.
30, 33
  Steric and electrosteric interactions have been invoked to explain the 
significant decrease in the aggregation rates of polystyrene latex, organic matter coated hematite, 
26 
 
and C60 in the presence of monovalent cations Na
+
 and K
+28, 29, 44
 but in these systems 
aggregation has never been eliminated as it is in the case of rotavirus and MS2 in the monovalent 
electrolytes.     
Ionic Strength 
(mM) 
Energy barrier (kT) 
Ca
2+
 Mg
2+
 Na
+
 
0.3 (sphere-plate) 65.1 75.9 NA 
0.9 (sphere-plate) 64 64.7 NA 
2.1 (sphere-plate) 59.5 61.5 NA 
3 (sphere-plate) 57.7 57 NA 
30 (sphere-sphere) NE NE 11.3 
90 (sphere-sphere) NE NE NE 
 
Table 2.2 Classic DLVO theory and calculation of energy barriers. NA: not available; NE: non-
existence 
In contrast to its stability in the presence of Na
+
, rotavirus aggregates in both Mg
2+
 and 
Ca
2+
 solutions (Fig. 2.3A-B).  The aggregation rate of rotavirus increased as the Mg
2+
 
concentration was increased from 20 to 100 mM indicating reaction limited or unfavorable 
aggregation of rotavirus.  At Mg
2+
 concentrations above ca.120 mM, the aggregation rate 
remained constant which is indicative of favorable aggregation.  Defined by the cross-over 
region between favorable and unfavorable aggregation regimes, the critical coagulation 
concentration (CCC) for rotavirus in Mg
2+
 was 120 mM.  In Ca
2+
 solution, aggregation of 
rotavirus could also be induced although the CCC is slightly lower compared to the case of 
Mg
2+
.  The results shown in Figure 2.3A are the calculated stability ratios (1/W) obtained for 
rotavirus in both Ca
2+
 and Mg
2+
 solutions.   
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Figure 2.3 a) Attachment efficiency (1/W) of rotavirus in the presence of divalent cations.  
Aggregation rates for rotavirus were measured at various cation concentrations ranging from 4 
mM to 200 mM in Ca
2+
 and 10 mM to 200 mM in Mg
2+
 and normalized as attachment efficiency 
with respect to the fastest measured aggregation rate (the lines are meant to delineate the regions 
between favorable and unfavorable aggregation).  b) Change of hydrodynamic diameter of 
rotavirus with time in the presence of divalent cations.  Aggregation rate of rotavirus was 
measured in the presence of 30 mM Ca
2+
 and 30 mM Mg
2+
.  Measurements were recorded every 
20 seconds.  These TR-DLS experiments were conducted at 25
o
C and pH ~5.9. 
The results of molecular dynamic simulation suggest that cation-NOM binding takes 
place predominantly with carboxylate groups and the strength of the cation-carboxylate 
complexation can be described using the ratio of charge/radius of the cation involved.  Although 
Ca
2+
 and Mg
2+
 has the same charge, Ca
2+
 is expected to interact strongly than Mg
2+
 because of a 
larger ionic radius (RCa
2+=1.61 Ǻ, RMg2+=0.92 Ǻ).45, 46   As a smaller cation, Mg2+ has a 
strongly-held hydration sphere and thus only weak outer sphere complexes to the organic moiety 
can be expected. The larger Ca
2+
 cation can exchange water more easily forming inner sphere 
complexes with carboxylate groups.  Glycoprotein VP7 and protein VP4 on the outermost 
capsids of rotavirus are known to contain the amino acids glutamic acid or aspartic acid both of 
which contain carboxylate moieties.
20, 21, 26
 Thus, inner sphere and outer sphere complexation of 
Ca
2+
 and Mg
2+
 respectively with carboxylate groups on rotavirus surface leads to higher 
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aggregation in Ca
2+
 compared to Mg
2+
 solution.    
We also employed DLVO theory to predict the energy barrier to aggregation for the 
system of rotavirus in both Ca
2+
 and Mg
2+
 solutions.  Based on these calculations no energy 
barrier to aggregation was predicted (i.e. diffusion limited aggregation, 1/W =1) was expected at 
all the experimental concentrations. The theory of DLVO, however, does not consider steric or 
electrosteric interactions,
40
 and the enhanced stability cannot be predicted within the DLVO 
paradigm.  This discrepancy between the stability of rotavirus suspensions where the supporting 
electrolyte is monovalent compared to those suspensions in divalent cations is most likely due to 
the formation of complexes between divalent cations and functional groups on rotavirus 
outermost capsid.  Complexation of divalent cations to the charged functional groups of the 
rotavirus capsid probably alters the structure of key components to the protein capsid which must 
have a diminishing effect on the steric forces that are responsible the stability of rotavirus.  
Enhanced aggregation of nanoparticles due to specific interactions between divalent cations and 
organic matter has been previously studied,
47, 48
 and in there divalent cations (Ba
2+
, Ca
2+
, Sr
2+
) 
were hypothesized to complex with charged functional groups from materials (NOM, alginate) 
that were adsorbed to the surface of the colloids. In some cases, this has resulted in substantial 
increase aggregation rates compared to the same solutions in monovalent electrolytes.
47, 48
   
Rotavirus deposition kinetics to silica surface.  Prior to all deposition experiments the 
monodispersity of rotavirus suspensions in Ca
2+
 and Mg
2+
 (0.1 to 1 mM) solution were measured 
using DLS.  As shown in Fig 2.1B, the suspensions were stable against aggregation and 
remained so for at least 30 minutes.  
We defined favorable deposition as the rotavirus/PLL system because at the pH 5.9  
rotavirus is negatively charged
22
 while PLL is positively charged.  Deposition rates of rotavirus 
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under favorable conditions to PLL-coated silica surface in the presence of Ca
2+
 remained 
reasonably stable over the range of concentrations employed (Fig. 2.4A).  Deposition kinetics of 
rotavirus to the bare silica surface (repulsive conditions) in the presence of Ca
2+
 was shown in 
Fig. 2.4A.  At a concentration of 0.1 mM Ca
2+
 the deposition rate was approximately 14 times 
lower than favorable conditions at the same Ca
2+ 
concentration.  We observed an increase in the 
adsorption rate of rotavirus with concomitant increase in Ca
2+
 concentration.  At 0.3 mM Ca
2+
, 
the deposition rate increased to 7 times lower than those on PLL surface, and an apparent 
maximum deposition rate was reached by 0.5 mM Ca
2+
.  The fact that the maximum deposition 
rate was still lower (2.3 times) than that measured under favorable attachment conditions has 
been observed in previous studies where attachment efficiencies measured under experimental 
conditions never reach unity.  For example, the maximum attachment efficiency of 0.7 was 
measured for bacteriophage MS2 deposition on silica surface coated with Suwannee River 
Natural Organic Matter
30
 and bacteriophage lambda on sand collector.
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 While DLVO theory predicts similar energy barrier for adsorption of rotavirus to bare 
silica in Ca
2+
 and Mg
2+
 solutions of the same concentration (Table 2.2), our experimental 
attachment efficiencies for rotavirus adsorption to silica surface in Mg
2+
 solution was always 
lower than the corresponding solution in Ca
2+
 solution (Fig 2.4B).  This contrasts some earlier 
studies where the adsorption rate in Ca
2+
 compared to Mg
2+
 were greater for plasmid DNA and 
bacteriophage MS2 adsorption.
30, 49
  The differences in the solution chemistry and complexation 
characteristics between Mg
2+
 and Ca
2+
 that were discussed previously are most likely responsible 
for these differences between rotavirus attachment efficiencies.  
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Figure 2.4 a) Deposition kinetics of rotavirus on silica surface and PLL-coated silica surface in 
the presence of divalent cations.  The cation concentration (Ca
2+
 and Mg
2+
) ranged from 0.1 to 1 
mM for all the experiments.  The temperature of the experiments was 25
o
C at an initial rotavirus 
concentration of 8x10
5
 FFU/ml and a pH of 5.9.  The deposition rates were expressed in Hz/min 
(all lines are draw as guides).  b) Attachment efficiencies of rotavirus on silica surface.  
Deposition rates of rotavirus on silica surface were normalized by the deposition rate on PLL 
surface for each cation condition (Ca
2+
 and Mg
2+
). 
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Environmental implications of rotavirus deposition and aggregation kinetics.  This 
and other studies show that van der Waals and electrostatic interactions alone do not govern the 
interactions of viruses at interfaces (virus/virus or virus/solid).
13, 15, 30
  Rotavirus aggregation was 
not measurable under the solution conditions that typify groundwater hardness in the USA (up to 
6 mM Ca
2+
 and Mg
2+
),
27
 and even at much higher levels of hardness the rotavirus concentrations 
even in contaminated groundwater do not reach the concentrations that we employed in these 
aggregation experiments.  Therefore, the aggregation of rotavirus is unlikely the common fate in 
natural aquatic systems.  Deposition of rotavirus on silica surface, however, was significant at 
these concentrations, and therefore, the interactions of rotavirus at the mineral/water interface are 
more likely to govern their fate and transport in the subsurface media.  The stability of viruses 
against aggregation and to some extent deposition reported in this study together with other field 
studies
4-6, 27
 suggest that viruses (infectious and non-infectious) are uniquely mobile in aquatic 
systems.   
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CHAPTER 3 
INTERACTIONS BETWEEN ROTAVIRUS AND SUWANNEE RIVER ORGANIC 
MATTER: AGGREGATION, DEPOSITION, AND ADHESION FORCE 
MEASUREMENT
2
 
 
3.1 Abstract  
Interaction between rotavirus and Suwannee River natural organic matter (NOM) was 
studied by time-resolved dynamic light scattering, quartz crystal microbalance, and atomic force 
microscopy.  In NOM-containing NaCl solutions of up to 600 mM, rotavirus suspension 
remained stable for over 4 hours.  Atomic force microscopy (AFM) measurement for interaction 
force decay length at different ionic strengths showed that non-electrostatic repulsive forces were 
mainly responsible for eliminating aggregation in NaCl solutions. Aggregation rates of rotavirus 
in solutions containing 20 mg C/L increased with divalent cation concentration until reaching a 
critical coagulation concentration of 30 mM CaCl2 or 70 mM MgCl2.  Deposition kinetics of 
rotavirus on NOM-coated silica surface was studied using quartz crystal microbalance.  
Experimental attachment efficiencies for rotavirus adsorption to NOM-coated surface in MgCl2 
solution were lower than in CaCl2 solution at a given divalent cation concentration.  Stronger 
adhesion force was measured for virus-virus and virus-NOM interactions in CaCl2 solution 
compared to those in MgCl2 or NaCl solutions at the same ionic strength.  This study suggested 
that divalent cation complexation with carboxylate groups in NOM and on virus surface was an 
important mechanism in the deposition and aggregation kinetics of rotavirus. 
2Reprinted, with permission, from Gutierrez, L.; Nguyen, T. H., 2012, “Interactions between Rotavirus and Suwannee River 
Organic Matter: Aggregation, Deposition, and Adhesion Force Measurement,” Environmental Science & Technology 46(16): 
8705-8713. 
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3.2 Introduction 
The most recent study by the Centers for Disease Control and Prevention (CDC) reported 
48 waterborne disease outbreaks during 2007-2008 in the US.
1
 More than half of the outbreaks 
associated with drinking water were related to groundwater.
1
 Virus, parasites, and bacteria have 
been identified as causes for most of the outbreaks.
2, 3
 The most comprehensive study on 
groundwater contamination in the US collected samples from 448 sites in 35 states.
4
 Of these 
samples, 4.8% and 31.5% contained infectious viruses, determined by cell culture assay, and 
viral nucleic acid, determined by polymerase chain reaction (PCR).
4
 A newer study conducted in 
South Korea in 2008 reported that norovirus was found in 21.7% of 300 groundwater samples.
5
 
Thus, groundwater contamination by viruses from animal and human waste remains a public 
health concern in the US and other countries.
3-9
 
Field research in an iron oxide-coated sand aquifer suggested the importance of 
electrostatic forces in the transport of bacteriophage PRD1 through uncontaminated and sewage 
contaminated zones, where NOM played an important role in grain surface properties and 
bacteriophage PRD1 attachment.
10, 11
  In laboratory studies, the presence of positively charged 
metal hydroxide/oxyhydroxide surfaces and the effect of humic acid on bacteriophage transport 
were investigated for sands, gravel, and sandy soils.
12, 13
  NOM has been reported to hinder the 
deposition of viruses to mineral surfaces due to competition for available adsorption sites.
11, 14, 15
  
At pH typical for groundwater (e.g. 7.3 to 8.3)
16
 NOM adsorbs to positively charged metal 
oxide-coated quartz, mica, or feldspar grains, and  influences the interaction of viruses and 
mineral surfaces. In addition to bacteriophages, a few studies have conducted transport 
experiments with enteric viruses.  For example, minimal transport of human adenovirus in 
undisturbed soil cores was reported.
17
  Another study reported MS2 to be generally more mobile 
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than poliovirus 1 and Norwalk virus.
18
 In addition, the differential adsorption of MS2, PRD1, 
and poliovirus 1 to soils was suggested to be related to their isoelectric points.
19
  Strong 
electrostatic attractions were identified to be mainly responsible for aichi virus removal in iron 
oxide-coated sand.
20
 
A theory developed by Derjaguin, Landau, Verwey and Overbeek, i.e., DLVO theory, 
that includes van der Waals and electrostatic interactions, has been used to explain surface 
interaction of hard colloids.
21
 However, a number of studies have reported non-DLVO behavior 
for viruses. Divalent cation complexation with negatively charged carboxylate groups on both 
NOM and MS2 phage were suggested as the main mechanisms governing MS2 deposition to 
silica and NOM surfaces in a radial stagnation point flow cell.
22
 Steric interactions were 
suggested to maintain MS2 stability even at high Li
+
, Na
+
, or K
+
 concentrations in solution.
23
  
Steric interactions were also attributed to less deposition of MS2 phage or norovirus capsids on 
silica surface than expected if only van der Waals and electrostatic interactions were 
considered.
24-26
  Besides steric interaction and divalent cation complexation, a novel 
electrokinetic theory, which considers MS2 as particles consisting of an impermeable hard core 
and a charged permeable soft shell, was developed to describe electrophoretic mobility of MS2 
at different pH and ionic strengths.
27-29
    
The objective of this study was to investigate interactions between rotavirus and a model 
aquatic natural organic matter isolated from Suwannee River water.  The deposition kinetics of 
rotavirus to NOM-coated silica surfaces were studied using quartz crystal microbalance. 
Rotavirus aggregation kinetics in NOM and divalent cation solutions were studied by time-
resolved dynamic light scattering.  Adhesion force between rotavirus and rotavirus in NOM 
solution and between rotavirus and NOM-coated surface was measured by AFM technique to 
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complement the deposition and aggregation studies. Rotavirus was selected for this study 
because it is the leading cause of severe gastroenteritis among young children,
30-32
 and it is 
routinely detected in wastewater, surface water, drinking water, and groundwater worldwide.
33
   
3.3 Materials and Methods 
Solution chemistries and reagents.  Deionized (DI) water (Millipore, Barnstead, USA) 
of an 18 M-cm resistivity was used for preparing all the solutions for deposition,aggregation, 
and AFM experiments.  The unadjusted pH of fresh DI water remained stable for the entire 
duration of the QCM, TR-DLS, and AFM experiments (3 hours, 4 hours, and 1 hour 
respectively).  Analytical grade NaCl, CaCl2, MgCl2, poly-L-lysine (PLL) hydrobromide, and 
HEPES buffer were utilized in this research.  HEPES buffer was prepared with 100 mM NaCl 
and 10 mM N-(2-hydroxyethyl) piperazine-N′-2-ethanesulfonic acid at a final pH of 5.9.  PLL 
hydrobromide solution was prepared in HEPES buffer at a final concentration of 0.1 g/L.  All 
electrolyte solutions and HEPES buffer were filtered through a 0.22 m sterile cellulose acetate 
membrane and sonicated for 30 minutes before use.  The polyglutamic sodium salt (PLG) with a 
molecular weight ranging from 50,000–100,000 g/mol (Cat# P4886, Sigma) was prepared in 
solution by adding 25 mg of PLG to 4.2 g of DI water.   
Suwannee river natural organic matter (NOM, International Humic Substances, IHSS, St. 
Paul, MN) was used as a dissolved organic matter model.  The procedure for NOM solution 
preparation was previously described.
43
  Total dissolved organic carbon (DOC) concentration of 
the NOM stock solution was measured using a Phoenix 8000 TOC analyzer (Dohrmann, USA) at 
101.4 mg C/L.  The NOM stock was stored at 4
o
C and covered from light by aluminum foil.  All 
the solutions were kept at pH 5.9 with the exception of the solutions used for studying the effect 
42 
 
of pH.  For these experiments, pH was adjusted to 8.3 using NaOH.  The average Dh of NOM in 
1 mM NaCl solution measured every 20 seconds for 240 minutes was 2 nm and 1 nm for 2 
consecutive TR-DLS experiments. However, due to the small size of NOM and its fluorescent 
nature we believe that fluorescence correlation spectroscopy would be a more sensitive technique 
for estimating the size of NOM in solution.
88
 
Rotavirus preparation and focus forming unit (FFU) infectivity assays. Briefly, 
group A porcine OSU rotavirus (ATCC VR892) were grown in the presence of trypsin in 
embryonic African green monkey kidney cells (MA-104) as the host.
34
  Purification of rotavirus 
was conducted by sequential centrifugation and filtration as described previously.
14
  This stock 
of rotavirus is referred to as membrane-purified rotavirus. While care was taken for virus 
purification, it is possible that protein contamination remained in the virus stock used for this 
study. Due to the biological nature of virus, it is impossible to obtain pure virion without 
influencing virus infectivity or causing aggregation.
89-91
 Enumeration of rotavirus was carried out 
using FFU infectivity assays.
92
  The stock concentration was ~5×10
6
 FFU/ml and was stored at 
4
o
C in a 1 mM NaCl and 0.1 mM CaCl2 solution.  Calcium in rotavirus stock was kept above the 
critical free calcium concentration to avoid solubilization of outer capsid proteins VP4 and 
VP7.
93
  This membrane-purified rotavirus stock was also used in our previous study.
36
 After 
preparation the virus stock was carefully aliquoted and stored for almost 2 years with no 
significant change in infectivity or hydrodynamic diameter.  Another rotavirus stock was grown 
and purified using CsCl gradient method described previously
34
 to a final concentration of ~10
8
 
FFU/mL.  This stock is referred to as CsCl-purified rotavirus.  Standard SDS-PAGE was carried 
out for the rotavirus stock using 7.5% Mini-PROTEAN TGX Precast minigels stained overnight 
using SYPRO Ruby protein gel stain according to the manufacturer’s instructions  (Bio-Rad,  
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Hercules,  CA).  Bands were analyzed for molecular weight using a Gel-Doc imager (Bio-Rad, 
Hercules, CA).   
Electrophoretic mobility (EPM) measurements.  A ZS90 Zetasizer instrument and 
clear disposable cells (Malvern, UK) were used to determine the EPM of membrane-purified 
rotavirus in solution containing 20 mg C/L and a broad range of salt concentrations (5 mM to 
600 mM for NaCl, 5 mM to 200 mM for CaCl2 and MgCl2) at an unadjusted pH of 5.9 at room 
temperature (~25
o
C).  At least three measurements were conducted for each salt concentration. 
Membrane-purified rotavirus was added to these solutions to a final concentration of 8×10
5
 
FFU/mL, which ensured an optimal signal for EPM measurements.  For comparison purposes, 
EPM of membrane-purified rotavirus and CsCl-purified rotavirus was measured at 1 mM NaCl 
and at pH 3, 4, 5.9 and 8.3 at room temperature (~25
o
C).  pH was adjusted by the addition of 
NaOH and HCl.  Silica beads coated sequentially with PLL and NOM or poly-L-glutamic 
sodium salt (PLG) were used as surrogates for NOM-coated and PLG-coated surfaces. The 
coating protocol was described in our previous study.
22, 35
 EPM was measured for these beads in 
solutions containing 1 mM CaCl2 at pH 5.9 or 8.3.  
Aggregation kinetics of rotavirus by time-resolved dynamic light scattering (TR-
DLS).  Aggregation kinetics of rotavirus in NOM-containing electrolyte solutions were 
measured by a ZS90 Zetasizer and disposable plastic cuvettes (Malvern, UK) as described 
previously.
36 
 For comparison purposes, aggregation kinetics of both membrane-purified and 
CsCl-purified rotavirus in 20 mg C/L NOM solutions at pH 5.9 were measured at 1, 5, 15, 50, 
and 100 mM CaCl2.  These two stocks of rotavirus were added to the electrolyte NOM-
containing solution so that the DLS photon counting was similar (~20 kcps).  
  The aggregation kinetics of rotavirus in solution was determined as the initial rate of 
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increase in the hydrodynamic diameter (Dh) with respect to time. This rate is directly 
proportional to rotavirus initial concentration and the initial aggregation rate constant (k11).
23, 37, 
38
  The aggregation rate was obtained by calculating the initial slope of the Dh vs. time plot up to 
the point at which Dh reaches the relative hydrodynamic diameter of 1.38Dho.  However, when 
the salt concentration is very low during reaction-limited regime, this linear region would end 
before reaching 1.38Dho; the slope was fitted only for the linear portion, allowing that the fitted 
line intercepts the y axis no more than 3 nm in excess of Dho.
37, 39
 The inverse stability ratio 
(1/W), ranging from 0 to 1, was calculated by normalizing the initial aggregation rate constant 
k11 obtained at different electrolyte concentrations for the reaction limited regime by the 
aggregation rate constant kfast determined during the diffusion-limited regime.
40-42
   
Control experiments were conducted to measure the hydrodynamic diameters and 
aggregation rates of NOM in NaCl, CaCl2, and MgCl2 solutions.  These results were compared to 
the corresponding results for the rotavirus-salt-NOM aggregation experiments at the same 
electrolyte concentration to determine which aggregates dominate the TR-DLS intensity signal.  
The procedures and the range of salt concentration used were the same as for the rotavirus 
aggregation experiments described above. 
Determination of rotavirus deposition kinetics by quartz crystal microbalance 
(QCM).  A QCM-D D-300 instrument (Q-Sense, Sweden) was used to study the initial 
deposition rates of rotavirus in electrolyte solutions on NOM-coated silica surface in a radial 
stagnation flow point cell.  Previous studies have used this technique for deposition experiments 
of MS2 on silica and NOM surfaces
22, 24
 and its procedure has been described.
22, 43
 Following 
well-established methods in colloid deposition,
44-49
 the QCM experiments were conducted for a 
short-pulse injection of virus suspension. This method allows estimation of deposition kinetics 
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based on the first-order kinetics region of the deposition curve, which is relevant for virus 
transport study because of low concentration of virus present in groundwater.
4, 5, 50, 51
 Control 
experiments were conducted with solutions containing different concentrations of rotavirus. The 
deposition rate increased twice when the rotavirus concentration was doubled from 8×10
5
 
FFU/ml in the same background salt concentration (tested with 1 mM CaCl2 and 0.1 mM CaCl2). 
The results of these control experiments confirmed that the frequency shift is proportional with 
the virus concentration, indicating first order kinetics. Rotavirus deposition rate was determined 
as the slope of the initial frequency shift vs. time curve for the third overtone (df(3)/dt).  
Ultrasensitive silica sensors (Q-Sense, QSX 303 silica, batch 070117) were used. The solutions 
were introduced into the chamber at the rate of 0.1 mL/min. Before conducting QCM 
experiments, hydrodynamic diameter of membrane-purified RV in solution was measured by 
DLS showing a single peak at 100 nm for rotavirus monodispersed population. Similar 
observation was obtained for rotavirus stocks purified with CsCl gradient centrifugation or with 
membrane filtration. This observation showed that rotavirus was present in the stock, and protein 
contamination was not detected by DLS.   
As commonly used in colloid literature, deposition kinetics is presented as attachment 
efficiency.
39, 52
 The attachment efficiency () was calculated by normalizing rotavirus deposition 
rate on NOM surface at a given electrolyte concentration by the rate obtained for the same 
electrolyte concentration under non-repulsive conditions. The deposition rate was determined as 
the slope of the linear portion of the frequency shift vs. time plots, as in previous studies.
36, 39, 53
 
Fitting examples for the deposition rate are shown in Figures 3.1a-b.   
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Figure 3.1 Measurement of deposition of RV on SRNOM layer in solution containing a) 1 mM 
CaCl2 or b) 1 mM MgCl2 with their corresponding deposition rate calculation (a1 and b1).  
Rotavirus concentration was ~8×10
5
 FFU/mL in solution at 25
o
C. 
QCM sensor cleaning and QCM deposition protocol.  Cleaning protocol before each 
experiment was as follows:  quartz sensors were soaked for 2 hours in a 2% Hellmanex II 
cleaning solution (Hellma GmbH & Co. KG, Mullheim, Germany), thoroughly rinsed with DI 
water, dried with ultrapure N2, and oxidized in an Ozone/UV chamber for 30 minutes (BioForce 
Nano-sciences, Inc., Ames, IA).  The electrolyte solutions were injected into the QCM system 
0 20 40 60 80 100 120 140 160 180
-50
-40
-30
-20
-10
0
10
1
 m
M
 C
a
C
l2
R
V
 d
e
p
o
s
itio
n
1
0
 m
M
 N
a
C
l
1
0
 m
M
 N
a
C
l +
 N
O
M
1
0
 m
M
 N
a
C
l
H
e
p
e
s
H
e
p
e
s
 +
 P
L
L
H
e
p
e
s
 
 
1 mM CaCl
2
 - NOM layer
F
3
/3
 (
H
z
)
Time (minutes)
D
D
I w
a
te
r
a
0 20 40 60 80 100 120 140 160 180
-50
-40
-30
-20
-10
0
10
1
 m
M
 M
g
C
l2
R
V
 d
e
p
o
s
itio
n1
0
 m
M
 N
a
C
l
1
0
 m
M
 N
a
C
l +
 N
O
M
1
0
 m
M
 N
a
C
l
H
e
p
e
s
H
e
p
e
s
 +
 P
L
L
H
e
p
e
s
 
 
1 mM MgCl
2
 - NOM layer
F
3
/3
 (
H
z
)
Time (minutes)
D
D
I w
a
te
r
b
158 159 160 161
-26
-24
-22
-20
-18
 
 
1 mM CaCl
2
 - NOM layer
F
3
/3
 (
H
z
)
Time (minutes)
Slope: -3.76 Hz/min
a1
162 163 164
-26
-24
-22
-20
-18
 
 
1 mM MgCl
2
 - NOM layer
F
3
/3
 (
H
z
)
Time (minutes)
Slope: -2.42 Hz/min
b1
47 
 
using a precision syringe pump (Kd Scientific Inc., Holliston, MA) operating at a withdrawal 
mode at a 0.1 mL/min flow rate.  After a stable baseline was established in water, the QCM 
sensors were sequentially coated with PLL and then NOM as described previously.
43, 22
 After 
coating, the system was equilibrated with 2 mL of electrolyte solution (NaCl, CaCl2, MgCl2) at 
the concentration of interest (i.e., 0.1, 0.3, 0.5, 0.7, or 1 mM). Equilibrium (frequency shift with 
time <0.1 Hz/min) was obtained after the addition of this 2 ml of electrolyte solution.  This step 
was followed immediately by virus adsorption experiments, which were performed by flowing 2 
mL of rotavirus suspensions at a concentration of 8×10
5
 FFU/ml and in the same electrolyte 
concentration as the previous step.  For non-repulsive conditions, rotavirus deposition rates on 
PLL-coated silica surface in MgCl2 and CaCl2 solutions from our previous research
36
 were used 
in this investigation. 
Surface preparation for AFM experiments.  The quartz and silica surfaces were first 
cleaned by immersion in 2% Hellmanex (Hellma Analytics, USA) solution for 30 minutes and 
subsequently rinsed in excess with DI water.  Next, approximately 300 L of 98% sulfuric acid 
with 30 g/L nochromix solution were pipetted on top of the surfaces for 24 hours and then 
removed.  The surfaces were finally rinsed in excess with DI water.  NOM-coated surfaces were 
prepared following the layer-by-layer protocol introduced previously.
22, 35
 The PLL coating 
protocol of the silica surface (QCM sensor) was conducted by pipetting 300 L of PLL 
hydrobromide solution prepared in HEPES buffer at a final concentration of 0.1 g/L and left 
undisturbed for 24 hours.  Next, the PLL solution was removed and the surface was rinsed with 
DI water. Similarly, PLL layer was coated by pipetting 300 L of approximately 240 mg C/L 
SRNOM solution or 6 g/L of PLG solution and left undisturbed for 24 hours.  The SRNOM 
solution was then removed and the surface was rinsed with DDI water. For some selected 
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experiments, the PLL layer was coated by pipetting 300 L of solution containing ~1×108 
FFU/ml rotavirus and left undisturbed for 8 hours. The viral solution was then removed and the 
surface rinsed with DI water. 
Rotavirus-coated membranes were prepared following a modified procedure previously 
used for oocysts.
56
 Briefly, 10 mL of ~5×10
6
 FFU/ml rotavirus solution were vacuum-filtered 
onto a 13 mm in diameter piece of 0.05 m polycarbonate track-etched membrane (Whatman 
Nucleopore, USA) and afterwards carefully rinsed with DI water.  A layer of water was 
maintained to prevent rotavirus exposure to air.  After this filtration step, the membrane was 
immediately glued by the edges to a glass slide.  Rotavirus coating of the membrane was 
checked by tapping mode imaging at a scan rate of 0.5 Hz with a chromium-gold-coated silicon 
nitride probe with a spring constant of ~0.27 N/m (Budget Sensors, Bulgaria).   
Samples of rotavirus-coated silica probe were similarly prepared by the layer-by-layer 
method described above.
22, 35
  Twenty L of PLL hydrobromide solution prepared in HEPES 
buffer at a final concentration of 0.1 g/L were added as a drop on top of the glass slide.  Using a 
DMI5000M Leica inverted microscope (Leica, Germany) and a 10× lens, only the probe was 
carefully introduced to the PLL drop and allowed to coat for 6 hours.  The probe was then 
removed from the PLL drop and rinsed with DI water.  Following the same procedure, the probe 
was carefully introduced in a 20 L ~5×106 FFU/ml rotavirus drop and allowed to coat for 6 
hours.  The probe was then removed from the virus solution drop and rinsed with DI water.  The 
preparation for the rotavirus-coated silica surface was described above. 
AFM force measurement protocol and data analysis.  Interaction force was measured 
using a MFP-3D AFM (Asylum Research, CA, USA).  The following sets of experiments were 
conducted: 1) control experiments for testing the coating completeness of silica and membrane 
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surfaces; 2) approaching force measurements between silica probe and silica surface in solutions 
with and without NOM; 3) approaching and retracting force measurements between rotavirus 
and silica surfaces or NOM-coated surfaces, and between rotavirus and rotavirus.   
 For the first set of control experiments, the coating completeness of surfaces was tested 
using a silicon nitride (SiNi) tip with 20 nm tip radius (0.24 N/m, NP series, Bruker, USA). The 
approaching curves were separately measured in 1 mM NaHCO3 solution at a buffered pH of 8.3 
with the following surfaces: a) ultra-pure quartz; b) QCM silica sensors (i.e., silica surface); c) 
silica surface coated with PLL; d) silica surface coated sequentially with PLL and then NOM or 
PLG or rotavirus.  Ultrapure quartz surface (Cat # 26016, 19×19×0.5 mm thick, Ted Pella, USA) 
was used as a reference for negatively charged surface. Note that zeta potential of this surface 
has been measured in our previous work (-2.53 to -0.18 mcmV-1s-1 at 1 and 200 mM NaCl, 
respectively).
35
 QCM silica sensor surface (QSX 303 silica sensor, Q-Sense, Sweden) was used 
in most AFM experiments because this surface was also used in deposition experiments.  
For the second set of control experiments, a 1 m silica sphere mounted on a silicon 
nitride tip-less cantilever with a spring constant of ~0.06 N/m (Novascan Technologies, USA) 
was used. For the first subset of this control set, we obtained approaching force curves for the 
silica sphere probe with quartz surface in solution with and without 20 mg C/L NOM. The 
solution also contained either 1 or 10 or 100 mM NaCl at unadjusted pH 5.9. For the second 
subset of this control, we obtained approaching force curves for the following cases: 1) silica 
probe and rotavirus-coated membrane; 2) silica probe and rotavirus-coated silica surface; 3) 
rotavirus-coated silica probe and silica surface. This 1 m silica sphere was used for AFM force 
measurement as recommended in previous studies reviewed by Butt et al.,
55
 so that nanometer 
scale roughness of the substrate did not influence AFM force measurement.  
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For the third set of experiments, approaching and retracting force was obtained for 
rotavirus-coated silica probe with one of the following surfaces: 1) rotavirus-coated membrane; 
2) NOM-coated silica surfaces; and 3) PLG-coated silica surfaces. We used unadjusted pH 5.9 
solution containing 0 or 20 mg C/L NOM and 1 or 10 or 100 mM NaCl, or 33.3 mM MgCl2, or 
33.3 mM CaCl2 to study interactions between rotavirus and rotavirus. The interaction between 
rotavirus and NOM was studied using solution composition similar to the ones used for QCM 
experiments, i.e., solution containing 3 mM NaCl or 1 mM MgCl2 or 1 mM CaCl2. For the 
experiment using 1 mM CaCl2, we used two pH conditions: unadjusted pH 5.9 or 1 mM 
bicarbonate buffered solution at pH 8.3. The interaction between rotavirus and PLG was studied 
using solution containing 1 mM CaCl2 at unadjusted pH 5.9 or 1 mM bicarbonate buffered 
solution at pH 8.3.  
The spring constant of the cantilevers was calibrated before each experiment using 
thermal tuning method, and these values were used to convert deflection to force according to 
Hooke’s law.54 Approaching and retracting force profiles were measured at a scan rate of 0.35 
Hz using AR-MFP-3D v.101010 software (Asylum Research, USA).  At least 5 force profile 
curves per location at 5 different locations were sampled for every solution condition.  For the 
control experiments, a minimum of 25 approaching force curves were recorded at different 
locations within an approximate circular area of 0.7 cm
2
 of each surface.  Based on the 
approaching curves, the interaction force can be described by the following equation: F = B exp(-
h), where h is the separation distance, F is the interaction force, B is a pre-exponential constant, 
and -1 is the interaction force decay length.55-58 The value of  was determined as the slope of 
the linear region of a repulsion force profile as a function of separation distance in a semi-natural 
logarithm plot.  The observed decay lengths were calculated based on the approaching force 
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curves.  The adhesion forces were determined using the retracting force curves based on the 
maximum force measured before total detachment of the silica probe from the substrate. The 
adhesion forces were further normalized by the silica probe radius (0.5 µm) as in previous 
studies.
59
 The adhesion distance was defined in this study as the maximum separation distance 
during the retraction of the probe, where the interaction between the colloidal probe and 
substrate disappears.  
3.4 Results and Discussion 
Electrophoretic mobility (EPM).  Intensity and volume analysis conducted by 
Dispersion Technology Software (v5.10, 2008, Malvern, UK) for membrane-purified RV 
suspension immediately after EPM measurement indicated monodispersed population of viruses 
even at high concentration of NaCl, CaCl2, or MgCl2 (Table 3.1).  CsCl-purified rotavirus and 
membrane-purified rotavirus showed similar EPM and at the range of studied pH (Fig. 3.2a). For 
both stocks of rotavirus, the value of isoelectric points determined in 1 mM NaCl solution was 4. 
This value of isoelectric point is within the range of most frequently observed for different 
viruses.
60
 Thus, for pH 5.9 and 8.3 of the aggregation and deposition studies described below, 
rotavirus is negatively charged.  As shown in Fig 3.2b, in NOM solutions at pH 5.9, rotavirus 
EPM became less negative with increasing cation concentration (Na
+
, Ca
2+
, or Mg
2+
) until 
asymptotically reaching a finite lower limit at high concentrations.  However, EPM was always 
more negative in NaCl than in CaCl2 solutions at the same ionic strength.  This trend was 
previously reported for MS2 and rotavirus.
23, 36, 61
  EPM of SRNOM-coated silica particles of 1.6 
µm in diameter changed from -3.21 to -1.00 µmcmV
-1
s
-1
 as ionic strength increased from 1 to 
200 mM. This observation shows a decrease in negative charge of SRNOM with increasing ionic 
strength, suggesting simple charge screening.
35
  The EPM and Dh results presented here suggest 
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that the reduction in EPM of rotavirus in NaCl solutions was caused by charge screening, while 
the reduction of EPM of rotavirus in CaCl2 or MgCl2 was caused by charge screening and cation 
complexation.   
Concentration Dh (nm) 
mM CaCl2 MgCl2 
1 
 
115  
2 
 
116  
3 
 
114  
5 
 
121 118 
7.5 
 
120  
10 
 
120 119 
20 
 
127 122 
30 
 
147 124 
50 
 
167 129 
100 
 
177 138 
200 
 
202 146 
    
Table 3.1 Hydrodynamic diameter of RV-NOM aggregates in divalent cation solutions after 
EPM measurements by intensity analysis 
 
 
Figure 3.2 a) EPM of rotavirus purified following CsCl gradient method or dialysis-
concentration with 1 mM NaCl solution.  b) EPM of rotavirus in 20 mg C/L NOM  solution with 
different background cations. All the experiments were conducted at a pH ~5.9 with a rotavirus 
concentration of ~8×10
5
 FFU/ml. Both volume and intensity analysis showed monodispersed 
populations of rotavirus up to 600 mM NaCl, 200 mM MgCl2, and 30 mM CaCl2.   
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Aggregation kinetics of rotavirus in NOM solutions.  The mean hydrodynamic 
diameter in 1mM NaCl solution containing 20 mg C/L for rotavirus was measured as 117±5 nm 
for a total of 26 samples (Fig. 3.3a).  The mean polydispersivity index (PDI), i.e., width 
parameter of the cumulant analysis for the DLS measurements, was measured as 0.25±0.06, 
indicating a monodispersed virus population before aggregation experiments.  The diameter of 
rotavirus measured by TEM was reported in previous studies as approximately 75 nm ± 1 nm.
14, 
32, 36
  Differences between hydrodynamic and TEM diameters due to dehydration during TEM 
sample preparation have been documented in previous work.
14, 62
  The mean hydrodynamic 
diameter for rotavirus purified following CsCl gradient method, in 1mM NaCl solution 
containing 20 mg C/L, was 111±3.1 nm and PDI of 0.17±0.02 for a total of 7 samples (Fig. 
3.3b).  This measurement suggests a monodispersed population comparable to membrane-
purified rotavirus.   
 
Figure 3.3 Measurement of hydrodynamic diameter of rotavirus purified following a) dialysis-
concentration using Amicon ultrafiltration membrane cell, b) CsCl gradient method 
 Rotavirus aggregation was studied in NOM solutions at a pH of 5.9 for 4 hours.   
No change in hydrodynamic diameter was detected even at 600 mM NaCl.  Rotavirus 
stability in NaCl was previously observed in the absence of NOM
36
 and was also reported for 
MS2.
23
  The change in hydrodynamic diameters of rotavirus in MgCl2 and CaCl2 solutions as a 
function of time is shown in Figures 3.4a and 3.4b. Insignificant change in hydrodynamic 
A B 
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diameter of rotavirus was observed after 4 hours in solutions containing up to 5 mM MgCl2 and 
3 mM CaCl2. In solution containing 100 mM CaCl2, after 4 hours, the hydrodynamic diameter of 
rotavirus aggregates was more than 3 times larger than those in 100 mM MgCl2 (e.g., 700 nm vs. 
200 nm). 
 
 
Figure 3.4 Aggregation kinetics of rotavirus in solutions containing 20 mg C/L SRNOM 
and a) MgCl2 or b) CaCl2 recorded for 250 minutes. Rotavirus concentration was ~8×10
5
 
FFU/mL in solution at 25
o
C. 
As shown in Figure 3.5a, the stability curve for rotavirus in MgCl2 solution delineates 
clear regions of favorable or diffusion-limited regime and unfavorable or reaction-limited regime 
aggregation, already observed in other investigations for hematite, alginate-coated hematite, and 
fullerene nanoparticles.
38, 39, 63
  No change in rotavirus hydrodynamic size was detected at 5 mM 
MgCl2.  Aggregation rates increased with MgCl2 concentration until critical coagulation 
concentration (CCC) at 70 mM MgCl2.  CCC for rotavirus in NOM-free MgCl2 solutions 
occurred at 120 mM.
36
  Aggregation rates of rotavirus in MgCl2 solutions containing NOM were 
on average 60 times higher than the aggregation rates of rotavirus in NOM-free solutions at the 
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same MgCl2 concentrations.
36
 
 
Figure 3.5 Inverse stability ratio (1/W) of rotavirus (~8×10
5
 FFU/mL) in NOM (20 mg 
C/L) solutions in the presence of a) MgCl2 and b) CaCl2 cations at 25
o
C.  Aggregation kinetic 
rates were measured at various cation concentrations ranging from 1 mM to 200 mM in CaCl2 
and from 5 mM to 200 mM in MgCl2 (the lines are meant to delineate the regions between 
favorable and unfavorable aggregation). Data for membrane-purified rotavirus (i.e., circle and 
square symbols) are presented in Fig. 3.5a and 3.5b. Data for CsCl purified rotavirus (i.e., 
diamond symbols) are presented in Fig 3.5b.  
The addition of CaCl2 to rotavirus-NOM solutions caused a more pronounced effect on 
aggregation kinetics than MgCl2.  Although aggregation was not observed at 1 mM CaCl2, 
aggregation rates increased with cation concentration until reaching a CCC at 30 mM, above 
which aggregation rates remained constant (Fig. 3.5b).  The rates of rotavirus-Ca
2+
-NOM 
formation were on average 566 times higher than those for the corresponding rotavirus-Ca
2+
 
aggregates previously reported.
36
  The observation of stable suspension of rotavirus in solution 
containing up to 600 mM NaCl, and fast aggregation of rotavirus at 70 mM MgCl2 or 30 mM 
CaCl2, suggests that double layer compression by charge screening alone was not sufficient to 
control rotavirus aggregation.    
Stability curves for both CsCl-purified and membrane-purified rotavirus were presented 
in Figure 3.5b. The difference between the inverse stability ratio (1/W) values was not 
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statistically significant for both rotavirus stocks (two-tailed t test, p=0.05).  Thus, the results 
obtained for EPM and aggregation studies suggested that the purification method by membrane 
filtration produces rotavirus of similar characteristics to the CsCl gradient procedure.  
Rotavirus aggregation rates decreased by an average factor of 82 when NOM 
concentration was reduced from 20 mg C/L to 4 mg C/L in 100 mM CaCl2 concentration.  This 
result and the previous comparison between rotavirus aggregation rates with and without 20 mg 
C/L (566 times higher in NOM) indicate that the presence of NOM enhanced rotavirus 
aggregation. For 20 mg C/L solutions, no NOM aggregation was detected in solutions containing 
up to 600 mM NaCl or 200 mM MgCl2 (Fig. 3.6a). For rotavirus-free solutions containing 20 mg 
C/L and up to 200 mM CaCl2, NOM aggregation rate was 8 times lower than rotavirus 
aggregation rate. The size of the rotavirus-NOM aggregates used to determine the aggregation 
rate was 5 times larger than that of the NOM aggregates in CaCl2 solution. At 10 mM CaCl2 we 
did not observe NOM aggregate growth during the first 30 min (Fig. 3.6b). For this same time 
period, rotavirus-NOM aggregates grew to 150 nm. At 100 mM CaCl2, the increase in NOM 
aggregates after 30 minutes was 350 nm, while the growth of rotavirus-NOM aggregate was 450 
nm (Fig 3.6c). The difference in aggregate growth for NOM and rotavirus-NOM suggest that 
only NOM adsorption on rotavirus surface was not enough to account for the observed Dh 
increase in rotavirus-NOM aggregates. However, adsorption of NOM on rotavirus surface can 
enhance rotavirus aggregation, similar to observation in other studies with nanoparticles.
63-65
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Figure 3.6 a) Aggregation kinetics of rotavirus in solutions containing 20 mg C/L SRNOM and 
10 or 100 mM MgCl2,and aggregation kinetics of 20 mg C/L SRNOM and 100 mM MgCl2.  b) 
Aggregation kinetics of rotavirus in solutions containing 20 mg C/L SRNOM and 10 mM 
CaCl2,and aggregation kinetics of 20 mg C/L SRNOM and 10 mM MgCl2. c) Aggregation 
kinetics of rotavirus in solutions containing 20 mg C/L SRNOM and 100 mM CaCl2,and 
aggregation kinetics of 20 mg C/L SRNOM and 100 mM MgCl2. 
Rotavirus deposition kinetics on NOM-coated surfaces.  TR-DLS results from our 
previous study showed that rotavirus remained stable in CaCl2 and MgCl2 solutions at 
concentrations ranging from 0.1 to 1 mM.
36
  In addition, hydrodynamic diameter of membrane-
purified RV in solution was measured by DLS showing a single peak at 100 nm for rotavirus 
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monodispersed population. Similar observation was obtained for rotavirus stocks purified with 
CsCl gradient centrifugation or with membrane filtration. This observation shows that rotavirus 
is present in the stock, and protein contamination is not detected by DLS.  We further studied 
deposition kinetics of this stable suspension of rotavirus on NOM-coated surfaces. As shown in 
Figure 3.7a, rotavirus deposition rate on positively charged PLL-coated layer (i.e., favorable 
conditions) did not depend on the range of ionic strength examined (i.e., 0.1 to 1 mM). At 0.1 
mM MgCl2 or CaCl2,
 
rotavirus deposition rate on NOM-coated surface was 13 and 3.5 times 
lower than those at favorable conditions, respectively.  Deposition rates increased with MgCl2 or 
CaCl2 concentration until reaching a finite lower limit at approximately 0.5 mM MgCl2 or CaCl2 
(Fig. 3.7a), where the deposition rates were on average only 3.5 or 1.7 times lower than those for 
favorable conditions, respectively.  This finite lower limit was also observed in MS2 deposition 
on NOM and silica surfaces at high IS (60 mM NaCl).
24
  Maximum attachment efficiency of 
rotavirus occurred at 1 mM MgCl2 or CaCl2 solution (Fig. 3.7b), reaching a value of 0.2 and 0.7, 
respectively.  A previous study of MS2 deposition on NOM surfaces reported a similar 
attachment behavior, i.e., attachment efficiencies were higher in CaCl2 solution compared to 
those in MgCl2 solution.
22
  Rotavirus deposition rate on NOM surfaces remained the same when 
the pH of the rotavirus suspension was increased from 5.9 to 8 for two CaCl2 concentrations, 0.1 
and 1 mM (Fig. 3.7b).  As shown in Table 3.2, in 1 mM CaCl2, both rotavirus and NOM-coated 
beads became slightly more negative charged (-1.6±0.2 vs. -2.2±0.1 mcmV-1s-1 for NOM-
coated beads and -0.7±0.1 vs. -0.8±0.2 mcmV-1s-1 for rotavirus). This small change in EPM and 
similar deposition rate of rotavirus on NOM-coated surfaces at pH 5.9 and 8.3 suggests the role 
of Ca
2+
 complexation with the carboxylate groups on both rotavirus and NOM-surface. We will 
further discuss this observation in light of the AFM interaction force below.  
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Figure 3.7 a) Deposition kinetics of rotavirus (8×10
5
 FFU/ml) on NOM-coated silica surface and 
PLL-coated silica surface in divalent cation solutions.  CaCl2 and MgCl2 concentrations ranged 
from 0.1 to 1 mM for all the experiments at 25
o
C.  pH of solutions was 5.9 unless otherwise  
indicated.  Deposition rates were expressed in Hz/min.  b) Deposition rates of rotavirus on NOM 
surface were normalized by the deposition rate on PLL surface for each cation condition (CaCl2 
and MgCl2) as Attachment efficiencies (). 
 
 
 
pH 5.9 pH 8.3 
 
Mob (µmcm/Vs) StDev Mob (µmcm/Vs) StDev 
Silica - 1 mM CaCl2 -1.7 0.2 -3.0 0.2 
NOM - 1 mM CaCl2 -1.6 0.2 -2.2 0.1 
PLG - 1 mM CaCl2 -1.8 0.4 -2.1 0.4 
Rotavirus - 1 mM NaCl -1.6 0.2 -1.8 0.2 
Rotavirus - 1 mM CaCl2 -0.7 0.1 -0.8 0.1 
Rotavirus - 1 mM CaCl2 - 20 mg C/L -1.0 0.1 -1.1 0.2 
Table 3.2 Electrophoretic mobility of silica beads, NOM or PLG-coated silica beads, and 
rotavirus. Three measurements were conducted for each condition. 
Control experiments for PLL and NOM coating completeness on silica surface. 
Representative force curves are shown in Figure 3.8. As shown in Figure 3.8a, electrostatic 
repulsion was observed in 1 mM bicarbonate buffer solution at pH 8.3 when the SiNi tip was 
approaching the negatively charged quartz surface. This control experiment was conducted first 
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to ensure that the SiNi tip was negatively charged in 1 mM bicarbonate solution at pH 8.3. This 
solution condition and the SiNi tip was further used to determine the surface charge of silica 
sensor surface and the polycarbonate membrane. The negative charge of the silica surface and 
the polycarbonate (PC) membrane was evidenced because repulsive electrostatic forces were 
recorded (Fig. 3.8a).   
 
 
Figure 3.8 Control experiments showing a) electrostatic repulsion between quartz surface and 
silicon nitride probe, silica surface and silicon nitride probe, and polycarbonate surface and 
silicon nitride probe, b) electrostatic attraction between PLL layer and silicon nitride probe 
during approaching and adhesion during retraction, c) repulsion forces between NOM layer and 
silicon nitride probe, PLG layer and silicon nitride probe, and d) repulsion force between silicon 
nitride probe and rotavirus layer adsorbed on a PLL layer (1 mM NaHCO3 buffered pH of 8.3). 
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Coating completeness of positively charged PLL on silica surface was confirmed for 25 
approaching force curves along a 0.7 cm
2
 area when attractive electrostatic forces were detected 
using a sharp SiNi tip of 20 nm-curvature-radius; adhesion was also always detected during 
retraction (Fig. 3.8b).  Finally, negatively charged NOM coverage on PLL-coated silica surface 
was confirmed when repulsive forces were recorded during approaching force curves between 
the SiNi probe and NOM layer (Fig. 3.8c).  Similar to NOM -coated surfaces, the PLG-coated 
and the rotavirus-coated silica surfaces also showed electrostatic repulsion (Fig. 3.8c and 3.8d, 
respectively). These results suggest that the coating protocol completely covered the positively 
charged PLL layer relative to the 20-nm tip radius of the SiNi probe used over 0.7 cm
2
 probing 
area of the studied surface. Note that the SiNi probe is 2 times smaller than the rotavirus 
particles. Thus, the surface coating is considered complete on the length scale of the SiNi probe. 
Control experiments using the spherical silica probe.  We first conducted the force 
measurement for the uncoated silica probe with polycarbonate membrane or quartz surface at 1, 
10, and 100 mM NaCl solutions.  As shown in Figures 3.9a, 3.10a and Table 3.3, the interaction 
force decay length for silica probe with the membrane or the quartz surface closely followed the 
Debye length calculated based on the Debye-Hückel theory. This observation suggests the 
dominant role of electrostatic interactions between the probe and the membrane or the quartz 
surface, as expected.  In solution containing 20 mg C/L NOM, the interaction force decay length 
between silica probe and quartz also followed closely the predicted Debye length (Fig 3.10a). In 
addition, the difference between measured decay lengths with and without NOM in solution was 
not statistically significant (two-tailed t test, p=0.05). This observation showed that the presence 
of 20 mg C/L NOM did not influence the AFM force measurement. 
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Figure 3.9 a) Interaction force decay length determined for silica probe with membrane, and 
rotavirus-coated probe with rotavirus-coated membrane. b) Retracting force curves for rotavirus-
coated probe with rotavirus-coated membrane in solutions containing 100 mM NaCl or 33.3 mM 
CaCl2 or 33.3 mM MgCl2. c) Retracting force curves for rotavirus-coated probe with rotavirus-
coated membrane in solutions containing 20 mg C/L and 33.3 mM NaCl or 33.3 mM CaCl2 or 
33.3 mM MgCl2.  d) Retracting force curves for rotavirus-coated probe with NOM-coated 
surface in solutions containing 3 mM NaCl or 1 mM MgCl2 or 1 mM CaCl2. 
  Additional control experiments were conducted for rotavirus-coated probe with silica 
surface, for silica probe with rotavirus-coated silica surface, and for silica probe with rotavirus-
coated polycarbonate membrane at 1 mM NaCl solutions at pH 5.9.  No electrostatic attractive 
force was observed for these experiments (Fig. 3.11a-b), suggesting that the rotavirus coating 
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protocol used for force measurement was able to completely cover the positively charged PLL 
layer laid between the silica sphere probe and rotavirus layer, and between the silica surface and 
rotavirus layer. The difference among the interaction force decay lengths measured for all three 
conditions (Fig. 3.10b and Table 3.3b) was not statistically significant (two-tailed t test, p=0.05). 
Thus, the decay length obtained by the AFM approaching curve between rotavirus and silica did 
not depend on whether the rotavirus was located on the substrate or on the probe. In addition, the 
decay length determined from these experiments did not follow the predicted Debye length, 
suggesting an additional interaction besides electrostatic interaction.  
Table 3.3 Predicted Debye length and measured interaction force decay length in NaCl 
containing solutions for: 
 
a) Control experiments with silica probe and hard surfaces with and without 20 mg C/L NOM. 
Ionic 
Strength 
(mM) 
Debye Length 
predicted 
Silica probe PC 
membrane 
Silica probe 
quartz surface 
Silica probe 
quartz surface 
20 mg C/L NOM 
1 10 10±1.3 10±0.5 10±0.7 
10 3 4±1.6 3±0.2 3±0.4 
100 1 1±0.4 1±0.2 1±0.5 
 
b) Rotavirus interaction with silica or rotavirus with and without 20 mg C/L NOM. 
Ionic 
Strength 
(mM) 
Silica Probe 
Rotavirus-coated probe 
silica surface 
Silica probe Rotavirus-coated probe 
rotavirus-coated rotavirus-coated rotavirus-coated membrane 
 PC membrane silica surface 20 mg C/l NOM 
1 10±1.2 10±1.7 11±1.2 12±1.5 
10 8±1.4 7±1.4 8±0.6 11±1.2 
100 6±1.1 5±1.1 6±0.6 11±2.6 
 
Interaction force decay lengths were calculated from approaching force curves using AFM in 
contact mode. 
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Figure 3.10 Interaction force decay length determined for a) silica probe with quartz 
cover slip, and silica probe with quartz cover slip in 20 mg C/L NOM and b) silica probe with 
rotavirus-coated membrane, and rotavirus-coated probe with silica surface, and silica probe with 
rotavirus-coated silica surface.  Predicted Debye length is plotted for comparison purposes. 
 
Figure 3.11 Approaching force curves for a) silica probe with rotavirus layer on polycarbonate 
membrane and b) silica probe with rotavirus layer on silica surface, and rotavirus on probe with 
silica surface. 
Interaction force between rotavirus and rotavirus. The difference among interaction 
force decay lengths for rotavirus-rotavirus in 20 mg C/L solution was not statistically significant 
for 1, 10, and 100 mM NaCl ionic strength (two-tailed t test, p=0.05) suggesting the lack of ionic 
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strength dependence (Figure 3.9a). Similar to the observed rotavirus and silica interaction, an 
additional interaction besides electrostatic interaction was detected. 
 
 
Figure 3.12 Adhesion forces of RV with RV layer in solution containing a) 100 mM NaCl or b) 
33.3 mM MgCl2 or c) 33.3 mM CaCl2. 
The adhesion force curves, determined from the retracting force profiles in 100 mM NaCl 
or 33.3 mM CaCl2 or 33.3 mM MgCl2 (Fig. 3.9b), were statistically analyzed using frequency 
distribution (Fig. 3.12).  These salt concentrations used in the adhesion force experiments were 
selected because of the different aggregation results obtained during the TR-DLS experiments.  
33.3 mM CaCl2 was found in the previous section to be approximately at the CCC of rotavirus 
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aggregation in CaCl2 solutions while 33.3 mM MgCl2 was found to be below the CCC in MgCl2 
solutions. Conversely, 100 mM NaCl was selected because no aggregation was detected during 
TR-DLS experiments in NaCl solutions.  No adhesion force was observed in the rotavirus-
rotavirus system in the presence of 100 mM NaCl, and the retracting curve mirrored the 
approaching curve in all the experiments.  In 33.3 mM MgCl2 solutions only 10% of the 
retracting curves analyzed showed small adhesion forces on the order of tens of pN (0.016, 
0.034, 0.040 nN or 0.032, 0.068, 0.080 mN/m); the rest of the retracting curves displayed no 
adhesion.  Unlike the case of NaCl or MgCl2 solutions, in CaCl2 solutions all the force profiles 
displayed significant adhesion forces at different magnitudes on the order of hundreds of pN 
(commonly between 0 to 0.3 nN or 0 to 0.6 mN/m and a small fraction even reaching 1 nN or 2 
mN/m). The adhesion force in 33.3 mM CaCl2 solution exhibited multiple detachments at 
separation distance starting at ~10 nm. These multiple detachments have been observed 
previously for AFM force measurement of oocysts in 50 mg/L Ca
2+
 solution using silica probe, 
and for single bacteria cell probe
66, 67
 due to complex multiple discrete adsorptions on surface 
polymers. The diverse nature of NOM supramolecules
68, 69
 may allow part of the NOM-rotavirus 
or NOM-NOM connections to break.  It is also likely that the 1 m silica sphere coated with 
rotavirus had multiple contact points with the rotavirus layer, and the retracting force curves 
were the results of breaking multiple bridges formed by Ca
2+
-complexation with rotavirus 
surfaces.
70, 71
 The magnitude of the adhesion forces followed the order of Ca
2+
>Mg
2+
>Na
+
.  
When 20 mg C/L NOM was added to the solutions containing 100 mM NaCl or 33.3 mM  
CaCl2 or 33.3 mM MgCl2, the adhesion behavior changed dramatically, as shown in Figures 3.9c 
and 3.14.  Thirty-three percent of the retracting curves displayed forces ranging from 0.053 to 
0.292 nN (or 0.106 to 0.584 mN/m) with maximum adhesion distances of ~50 nm in 100 mM 
67 
 
NaCl. Adhesion forces in MgCl2 solutions were observed in all experiments.  Approximately 
90% of these forces were below 0.75 nN (or 1.5 mN/m), and 80% of adhesion distances were 
below 150 nm.  Highest adhesion forces were observed in CaCl2 solutions. Specifically, the 
adhesion forces were usually found between 0.5 to 2 nN (or 1 to 4 mN/m) with adhesion 
distances commonly above ~200 nm.  The longest adhesion distances were observed upon final 
rupture between rotavirus-coated probe and rotavirus layer in 20 mg C/L NOM and CaCl2. The 
adhesion distances that were longer than rotavirus diameter of 75 nm
14
  were probably caused by 
pulling-off rotavirus and NOM from the substrate. Long adhesion distance has already been 
reported for alginate-alginate interaction in CaCl2 solution.
59, 71
 Multiple detachments were 
evidenced in both CaCl2 (Fig. 3.13) and MgCl2 solutions.  Similar to the previous adhesion force 
experiments in the absence of NOM, the magnitude of the adhesion forces followed the same 
order of Ca
2+
>Mg
2+
>Na
+
. 
 
Figure 3.13 Retracting force curves for rotavirus-coated probe with rotavirus-coated membrane 
in solution containing 20 mg C/L and 33.3 mM CaCl2. 
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Figure 3.14 Adhesion forces and adhesion distances of RV with RV layer in solution containing 
20 mg C/L SRNOM and a-a1) 100 mM NaCl or b-b1) 33.3 mM MgCl2 or c-c1) 33.3 mM CaCl2. 
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Figure 3.15 Adhesion forces of RV with SRNOM layer in solution containing a) 3 mM NaCl or 
b) 1 mM MgCl2 or c) 1 mM CaCl2. 
Interaction force between rotavirus and NOM-coated surface.  Retracting force 
profiles for the experiment with rotavirus and NOM-coated surface in solutions containing 3 mM 
NaCl or 1 mM CaCl2 or 1 mM MgCl2 are shown in Figures 3.9d and 3.15. These salt 
concentrations were selected because higher deposition in CaCl2 solutions compared to that in 
MgCl2 or NaCl solutions was observed by QCM experiments. No adhesion force was observed 
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in 3 mM NaCl solutions.  In 1 mM MgCl2 solutions, approximately half of the retracting curves 
showed adhesion forces ranging from 0.076 to 0.242 nN (0.152 to 0.484 mN/m) following 
multiple detachments with adhesion distances of commonly ~20 nm, although the rest of the 
retracting curves displayed no adhesion at all.  In 1 mM CaCl2 solutions, ~50% of the adhesion 
forces were found in the range of 0.3 to 0.9 nN (0.6 to 1.8 mN/m), all of them showing multiple 
detachments. The rest of the adhesion forces obtained for CaCl2 solutions were below 0.15 nN 
(or 0.3 mN/m). The magnitude of the adhesion forces followed the order of Ca
2+
>Mg
2+
>Na
+
. In a 
previous study,
20
 the adhesion forces of MS2, X174 or aichi virus to metal oxide-removed sand 
in artificial groundwater are in the range of the forces measured between rotavirus and NOM 
layer at approximately the same divalent cation concentration.  
Adhesion force between rotavirus and NOM-coated surface was determined for 1 mM 
CaCl2 at pH 5.9 and 8.3. As shown in Figures 3.16a-b, the most frequently observed forces were 
between 0.05-0.15 nN for both pH conditions. These results are consistent with the deposition 
results obtained in similar solution conditions for both pH. Thus, pH increase from 5.9 to 8.3 did 
not influence the adhesion between rotavirus and NOM-coated layer. The role of Ca
2+
 
complexation with carboxylate groups was further studied based on the adhesion force 
measurement in 1mM CaCl2 solution for rotavirus and silica surface coated with polyglutamic 
acid (PLG) at pH 5.9 and 8.3. As shown in Figures 3.17a-b, the adhesion forces determined for 
these two conditions were between 0.2-0.6 nN (or 0.4-1.2 mN/m). Despite expected electrostatic 
repulsion between rotavirus and PLG due to negative EPM for both rotavirus and PLG-coated 
surfaces (Table 3.2), the observed strong adhesion force again indicated the role of Ca
2+
 
complexation with carboxylate groups in rotavirus deposition. 
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Figure 3.16 Adhesion forces of RV with SRNOM layer in solution containing 1 mM CaCl2 at a) 
pH 5.9 (1 mM NaCl) or b) pH 8.3 (1 mM NaHCO3). 
 
Figure 3.17 Adhesion forces of RV with PLG layer in solution containing 1 mM CaCl2 at a) pH 
5.9 (1 mM NaCl) or b) pH 8.3 (1 mM NaHCO3). 
Roles of non-DLVO interactions on rotavirus aggregation and deposition.  The total 
interaction energy that control colloid transport has been traditionally determined based on the 
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classic DLVO theory as the sum of retarded van der Waals and repulsive electrostatic 
interactions.
72, 73
  For interaction between like charged surfaces, such as between negatively 
charged viruses, increasing ionic strength is expected to lead to compression of the double layer, 
and as a result the interaction force decay length should become smaller following the Debye 
equation. In contrast to this expectation, the interaction force decay length of rotavirus did not 
change as ionic strength increased, as shown in Figure 3.9a. In addition to the independence of 
decay length measured by AFM, the absence of adhesion force for the rotavirus-rotavirus 
retracting curves is consistent with the lack of detectable rotavirus aggregation in NaCl solutions 
even at 600 mM NaCl as reported previously.
36
 Stable suspension of rotavirus at high ionic 
strength and independence of rotavirus interaction force decay length with ionic strength may be 
a result of a number of factors. Specifically, steric interaction similar to those observed for 
bacteria and oocysts may be the cause. 
56, 74-77
   Another possibility is the combination of fast 
Brownian motion of nanometer size rotavirus and weak van der Waals interaction due to low 
Hamaker constants, which have been found to be almost 10 times lower than those for latex 
particles.
26, 78-82
  The third possibility may be the role of hydration force for rotavirus particles. 
Hydrated surface of rotavirus may prevent them from approaching each other.  
Stronger adhesion forces were observed for rotavirus with rotavirus (Figures 3.9b and 
3.9c), and rotavirus with NOM-coated surfaces (Figure 3.9d) in CaCl2 solutions compared to 
those in MgCl2 and NaCl solutions. This observation is consistent with higher deposition of 
rotavirus on NOM-coated surfaces (Fig. 3.7) and faster aggregation of rotavirus in NOM-
containing solutions, both in the presence of calcium ions.  Carboxylate groups have been shown 
to be the dominating functional groups that control NOM negative charge at the pH (~5.9) of our 
experiments.
68, 83, 84
 Molecular dynamics simulation of complexation between NOM and 
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different divalent cations suggest that NOM carboxylate groups are able to form strong inner 
sphere complexation with CaCl2 and weak outer sphere complexation with MgCl2 due to the 
presence of a tightly-held hydration layer in MgCl2 cations.
84, 85
 The surface of rotavirus capsids 
also contains carboxylate groups located on glutamic acid and aspartic acids.
86, 87
 Stronger 
interactions observed for rotavirus in CaCl2 solutions compared to MgCl2 or NaCl solutions can 
be explained by the ability of CaCl2 to form inner sphere complexation with carboxylate groups 
in NOM and on rotavirus surfaces. Experimental data obtained from a combination of 
approaches presented in this study, together with the experimental and theoretical studies for 
permeable microbial particles,
27-29
 further emphasize the importance of non-DLVO interactions 
in microbial adhesion. 
Environmental implications of rotavirus deposition and aggregation kinetics in 
presence of NOM and hardness.  Aggregation of rotavirus started to be detected at 2 mM 
CaCl2 and 7.5 mM MgCl2 in solutions containing NOM. Although these concentrations can be 
found in groundwater with very high hardness, i.e. CaCl2 ranging from 1 to 15 mM with average 
of 5 mM, and MgCl2 ranging from 0.2 to 23.8 mM with average of 5 mM,
16
 dissolved NOM 
concentration of 20 mg C/L was required for rotavirus aggregation. Lower aggregation rate of 
rotavirus in 4 mg C/L solution compared to 20 mg/L solution was found. Thus, in groundwater 
with low hardness and low dissolved organic matter, rotavirus may remain monodispersed. At 
environmentally relevant hardness of groundwater in the US,
16
 deposition of viruses on NOM 
surfaces was found to be higher than on clean silica surfaces measured in our previous work.
36
  
Considering the ubiquitous presence of NOM in groundwater, this study suggests that dissolved 
NOM concentration, NOM-coated surfaces, and the functional groups of NOM may play an 
important role in rotavirus aggregation and deposition in subsurface. In an aquifer with low 
74 
 
hardness, non-DLVO interactions among virus particles and virus with a soil surface could 
prevent virus aggregation and virus deposition, thus allow viruses to be more mobile than DLVO 
prediction.  
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CHAPTER 4 
INTERACTIONS BETWEEN ROTAVIRUS AND NATURAL ORGANIC MATTER 
ISOLATES OF DIFFERENT PHYSICOCHEMICAL CHARACTERISTICS 
 
4.1 Abstract 
Interactions forces between rotavirus and two well-characterized NOM isolates of 
different physicochemical properties were studied by atomic force microscopy (AFM) in NaCl 
solutions and at ambient pH (5.7-5.9).  Suwanee River NOM was selected as a model humic 
NOM (i.e., hydrophobic acid NOM fraction) because of its aromatic structure and high presence 
of phenolic and carboxylic functional groups.  Conversely, Colorado River NOM (CRW) was 
selected as a model non-humic NOM (i.e., transphilic acid NOM fraction) because of its more 
aliphatic structure, lower aromatic carbon and phenolic content, and considerable presence of 
polysaccharide moieties rich in alcohol functional groups.  SRNOM showed a higher negative 
charge than CRW during electrophoretic mobility (EPM) measurements, suggesting a more 
dominant presence of deprotonated carboxylic groups at the pH of the experiments.  Control 
experiments between mica and SRNOM showed repulsion forces closely following theoretical 
Debye length during approaching and no adhesion during retraction even at high ionic strength.  
Conversely, strong attractive forces causing jump-in to contact during approaching (i.e., 
therefore preventing calculation of decay lengths) were detected between mica and CRW, while 
high adhesion was recorded during retracting.  Interestingly, CRW adhesion to mica decreased 
with increasing ionic strength.  While for SRNOM a repulsive long ranged-electrostatic 
component was evident, a different mechanism of probable acid-base nature dominated the 
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interactions between mica and CRW (i.e., occurring between electronegative elements on mica 
surface and hydroxyl groups on CRW).  In another control experiment, interaction force decay 
length measured between rotavirus and mica significantly deviated from Debye length, 
suggesting the presence of non-DLVO forces in this system.  Similarly, strong repulsion forces 
between rotavirus and SRNOM were observed during approaching, and their measured decay 
lengths were very similar to the rotavirus-mica system.  This latter result indicates rotavirus, and 
not SRNOM, as the main contributor to the marked deviation from theoretical Debye length. 
Furthermore, no adhesion was observed during retraction.  Contrariwise, jump-in to contact was 
observed between CRW and rotavirus during approaching and high adhesion during retraction.  
Moreover, these adhesion forces decreased with increasing ionic strength.  Based on these 
results, ionic hydrogen bond-based interactions are suggested as the dominant mechanisms 
between rotavirus and CRW, probably occurring between deprotonated carboxyl groups on 
rotavirus and hydroxyl functional groups on CRW.  Results from this investigation would 
potentially advance our fundamental understanding and predictive capabilities of the dominant 
interacting mechanisms between viruses and NOM in specific natural ecosystems as a function 
of the structural and chemical properties of their surfaces.  
4.2 Introduction 
Natural organic matter (NOM) is a highly heterogeneous mixture of decayed organic 
compounds ever-present in soils, natural and engineered water systems in a variety of molecular 
sizes.  NOM is considered a major constituent in the carbon cycle and its essential 
bio/geochemical role in every aquatic environment is undeniable.
1-4
  However, the structural and 
chemical characteristics of NOM are highly dependent on their origin.
5-7
   Previous 
characterization works have shown significant differences (e.g., aromaticity/aliphaticity, 
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elemental composition, molar ratios, major functional groups, SUVA254) between NOM isolates 
collected from a variety of natural water sources (e.g., South Platte River, Suwannee River, 
Newport River, Colorado River).
8-10
   
For instance, results from previous extensive NOM characterizations indicate that humic 
substances constitute approximately 50% of dissolved organic matter (DOM, operationally 
defined as organic matter passing through a 0.45 m filter) in surface waters.4  Furthermore, 
hydrophobic acid NOM fractions (i.e., humic substances by definition) are characterized by high 
content of aromatic/phenolic carbon, large C/H, C/O and C/N ratios (low nitrogen content), and 
carboxyl and phenol as main functional groups.
4, 8, 11
  Conversely, non-humic substances (i.e., 
frequently microbial/algae-derived NOM) are characterized by high content of nitrogen and 
aliphatic carbon, and low content of aromatic/phenolic carbon. In addition, polysaccharide 
moieties (i.e., carbohydrates with considerable content of alcoholic groups) are usually 
incorporated in transphilic (i.e., intermediate polarity between hydrophobic and hydrophilic 
NOM) acid NOM fractions, while transphilic neutral NOM fractions contain a considerable 
proportion of proteins (i.e., in a wide biopolymer distribution) in their structure. Polysaccharides, 
amides, bases, and alkyl alcohols comprise strongly hydrophilic NOM species.
8, 12-14
   
Indeed, this rigorous and detailed characterization of NOM, as well as their fractions (i.e., 
relatively well-defined NOM sub-components), has played a central role in understanding NOM 
interaction with some other ubiquitous components in natural/engineered water systems (e.g., 
metal-binding/speciation, fate and transport of organic/inorganic pollutants and pathogens, 
colloidal stability, chlorination by-products, NOM membrane fouling, etc.).
1, 8, 15-19
  Interestingly, 
the fractionation of complex and heterogeneous NOM into more “homogeneous isolates” has 
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been a very practical and suitable approach that has assisted in better understanding those 
interactions.   
Similarly, NOM interactions with viruses have been extensively studied in field, column, 
and batch experiments.  For instance, several researchers have concluded that electrostatic forces 
dominate the interaction between viruses and mineral surfaces; nevertheless, natural organic 
matter has been widely suggested to hinder the deposition of viruses to mineral surfaces due to 
competition for adsorption sites.
20-25
  Conversely, other studies have proposed hydrophobicity to 
promote the interaction between viruses and NOM.
26, 27
 Recently, steric interactions arising due 
to the complex polymeric properties of NOM, have been also suggested to mediate between 
SRNOM and rotavirus or MS2 bacteriophage.
17, 28
 However, most of these studies have also 
reported different interacting behaviors in the presence of monovalent or divalent cations in 
solution.
17, 29
  This latter result indicates the importance of specific interactions probably 
occurring between divalent cations and deprotonated carboxylic groups on both NOM and 
viruses as also suggested elsewhere.
30, 31
  In addition, other investigation have shown that 
SRNOM or fulvic acid in solution have produced more negative zeta potentials on viruses, 
indicating some complexation degree between NOM and moieties on the outermost capsids of 
viruses.
17, 32
  From these studies it has been clearly observed that, along with solution chemistry, 
the interactions between NOM and viruses were highly dependent on the characteristics of NOM 
and viruses.  However, to the best of our knowledge, there has been no research regarding direct 
measurement of intermolecular forces to elucidate the very specific dominant interacting 
mechanisms as a function (i.e., direct correlation) of physicochemical characteristics of NOM 
and outermost capsid of viruses.   
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Therefore, the main focus of this investigation was to study the interactions arising 
between viruses and two well-characterized NOM isolates of different physicochemical 
properties by atomic force microscopy (AFM).  Suwanee River NOM was selected as a model 
humic NOM (also known as hydrophobic fraction) because of its weak anionic polyelectrolyte 
properties caused by the high presence of phenolic and carboxylic functional groups in its 
structure.
33, 34
  Conversely, Colorado River NOM was selected as a model non-humic NOM 
because of its lower aromatic and phenolic carbon content and presence of polysaccharide 
moieties and alcohol functional groups.
10, 35
  Rotavirus was selected as the model virus because it 
is the most common enteric virus causing severe gastrointestinal and acute dehydration among 
children worldwide and has been detected in almost every water environment.
36-41
  Due to its 
sensitivity and non-destructive nature, atomic force microscopy was used in this investigation as 
a suitable tool to measure interaction forces at the sub-nano Newton resolution at different 
solution chemistries.  The desired result from this investigation was to advance our fundamental 
understanding and predictive capabilities of the dominant interacting mechanisms between 
viruses and NOM as a function of the structural and chemical properties of NOM in specific 
natural ecosystems. 
4.3 Materials and Methods 
Solution chemistries and preparation of natural organic matter isolates.  All the 
electrolyte solutions, natural organic matter and rotavirus stocks used in this investigation were 
prepared with ultrapure doubled-deionized water (DDI, 18 M-cm resistivity, Millipore, USA) 
and analytical grade reagents.  HEPES buffer was prepared with 10 mM N-(2-
hydroxyethyl)piperazine-N’-2-ethanesulfonic acid and 100 mM NaCl at ambient pH (5-7-5.9), 
while PLL hydrobromide solution was prepared in HEPES buffer at a final concentration of 0.1 
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g/L. Before use, HEPES buffer and all the electrolyte solutions (with the exception of PLL 
hydrobromide solution) were sonicated, and subsequently filtered through a 0.22 m cellulose 
acetate sterile membrane.  Colorado River NOM (CRW) and Suwannee River NOM (SRNOM) 
were used as model dissolved organic matter isolates.  SRNOM was obtained from International 
Humic Substances (IHSS, St. Paul, MN) while CRW was collected from the Colorado River in 
California LA Verne and isolated following the procedure described elsewhere.
42
  NOM stock 
solutions were prepared by dissolving every NOM isolate in a 1 mM NaHCO3 solution to a final 
concentration of approximately 200 mg C/L, stirred overnight in the dark, and finally filtered 
through a 0.45 m cellulose acetate sterile membrane.43  NOM stocks were aliquoted, covered in 
aluminum foil, and stored at 4
o
C. A TOC-V CPH total organic carbon analyzer (Shimadzu, 
Japan) was used to measure total dissolved organic carbon (DOC) concentration of the NOM 
stocks.   
Preparation of self-assembled monolayers (SAM) onto gold substrate and contact 
angle measurement.  Self-assembled monolayers of 11-mercapto 1-undecanol and 11-
mercaptoundecanoic acid were prepared on gold substrates following the next protocol.
44
 Gold 
substrates mounted on glass slides were obtained from Asylum Research, USA (Cat. # 900.248).  
Prior to use, gold substrates were cleaned in piranha solutions (70% sulfuric acid, 30% hydrogen 
peroxide) for 3 minutes, rinse with DDI water, and finally dried with ultrapure N2 gas.  Solutions 
of 5 mM 11-mercapto 1-undecanol or 11-mercaptoundecanoic acid (Sigma Aldrich, USA) were 
prepared in ethanol.  Approximately 200 L of the 11-mercapto 1-undecanol or 11-
mercaptoundecanoic acid solution was pipetted on top of the gold substrate and allowed to coat 
for 16 hours.  Parafilm was used to prevent evaporation of the solution during coating.  The 
solution was removed and the SAM substrate was carefully rinsed with ethanol and then DDI 
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water.  The SAM substrate was immediately used for AFM experiments right after preparation.  
A second set of SAM substrates was prepared in parallel for contact angle measurements.  
Contact angles of 11-mercapto 1-undecanol SAM and 11-mercaptoundecanoic acid SAM were 
measured using a goniometer (KSV Instrument, CAM 200) by static sessile drop technique with 
water as a probe liquid.  After 4 μL of DDI water was dropped onto each surface, left and right 
contact angles were measured at least 10 times. The average contact angle was calculated for 
each side. The highest and lowest values were discarded. 
Rotavirus stock production and purification, and infectivity assay.  Replication of 
group A porcine OSU rotavirus (ATCC VR892) was performed in embryonic African green 
monkey kidney cells (MA-104) in the presence of trypsin as previously described.
45
  
Concentration and purification of rotavirus stock was conducted by centrifugation, filtration, and 
dialysis in a 1 mM NaCl and 0.1 mM CaCl2 solution following the protocols described 
elsewhere.
17, 46
  The viral stock solution was aliquoted and stored at 4
o
C in the dark.  Calcium 
concentration in the rotavirus stock was kept above the critical free calcium concentration to 
prevent solubilization of VP7 and VP4 proteins.
47
  Rotavirus stock concentration was measured 
as ~9×10
6
 FFU/ml using focus forming unit (FFU) infectivity assay.
45
  No aggregation (i.e., 
change in hydrodynamic diameter measured by dynamic light scattering technique) or significant 
variation in infectivity was detected in the rotavirus stock throughout the development of this 
study. 
Measurement of electrophoretic mobility (EPM) for NOM isolates.  EPM of bared 
silica particles (1.6 m in diameter, Polysciences, USA), PLL-coated silica particles, and 
SRNOM-coated or CRW-coated silica particles (i.e., used as surrogates for NOM-coated silica 
surfaces) was measured using a ZS90 Zetasizer equipment (Malvern, UK) under a wide range of 
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salt concentrations (1, 3, 10, 30, and 100 mM NaCl) and at ambient pH.  A minimum of three 
measurements were performed for each electrolyte condition (i.e., data sets obtained were pooled 
and the mean results and standard deviations were presented) using clear disposable cells 
(Malvern, UK).  NOM coating of the silica particles were conducted following the layer-by-layer 
protocol described elsewhere.
16
  Briefly, silica particles were rinsed in DDI water for 24 hours 
and separated by centrifugation (5000 RPM).  PLL-coated silica particles were prepared by 
dispersing previously-cleaned silica particles in 1 mL of PLL hydrobromide solution for 24 
hours.  The PLL-coated silica particles were separated from the PLL hydrobromide solution by 
centrifugation (5000 RPM).  The supernatant was removed and the PLL-coated silica particles 
were re-suspended in 1 mM NaCl solution for rinsing purposes.  The PLL-coated silica particles 
were separated from the 1 mM NaCl rinsing solution by centrifugation (5000 RPM).  The 
supernatant was removed and the PLL-coated silica particles were re-suspended in 1 mL of 
SRNOM or CRW solution at a final concentration of 50 mg C/L for 24 hours.  The NOM-coated 
silica particles were separated from the NOM solution by centrifugation and re-suspended in 1 
mM NaCl solution for rinsing purposes.  Finally, the NOM-coated silica particles were separated 
from the 1 mM NaCl rinsing solution by centrifugation and re-suspended in 1 mM NaCl 
solution.   
Interaction force measurement and data processing.  A MFP-3D atomic force 
microscope (Asylum Research, USA) was used to measure interaction forces between rotavirus-
coated silica probe and SRNOM-coated silica surface or CRW-coated silica surfaces. In addition, 
to elucidate the specific dominant interacting mechanisms between rotavirus and NOM isolates, 
interaction forces between rotavirus-coated probe and silica surface or mica surface; and between 
mica surface and SRNOM-coated probe or CRW-coated probe were also measured.  Mica 
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surface was used as a control surface due to its molecularly-smoothed surface.  A 1 m silica 
sphere glued on a silicon nitride tip-less cantilever of a spring constant of ~0.06 N/m (Novascan 
Technologies, USA) was used as an AFM probe.  Spherical colloidal probes have been widely 
used in interaction force studies.
48
 The rotavirus and NOM coating protocol of the AFM probe, 
as well as the NOM coating protocol of the silica surfaces using PLL as an intermediate layer 
followed the layer-by-layer procedure described elsewhere
16, 17
 and were detailed in the next 
section.  Similarly, control experiments for testing the NOM coating completeness of the silica 
surface were conducted and detailed in the next section.  
 Thermal tuning method was used to measure the spring constant of the cantilevers before 
every experiment, where deflection (V) was converted to force (nN) in accordance to Hooke’s 
law.
49
 Approaching and retracting force profiles were recorded at a 500 nm/s rate (i.e., rate 
consistent with previous studies)
50, 51
 using AR-MFP-3D v.101010 software (Asylum Research, 
USA).    At least 25 force profile curves were recorded for every electrolyte condition at 
different locations of the surface of analysis.  Force profiles with scatter larger than ± 0.05 nN in 
force were discarded.   
 During approaching, some interaction force profiles followed an exponential decay and 
were described by the following equation: F = Fo exp(-h), where h is the separation distance, F 
is the interaction force, Fo is a pre-exponential constant defined as force at contact in this study, 
and -1 is the interaction force decay length.48, 52  The value of was calculated as the inverse 
of the slope of the linear region of a force profile as a function of separation distance in a semi-
natural logarithm plot. The interaction force decay lengths of the next systems: a) SRNOM-mica, 
b) CRW-mica, c) rotavirus-mica, d) rotavirus-silica, e) rotavirus-SRNOM, f) rotavirus-CRW, g) 
rotavirus-11-mercapto 1-undecanol SAM, and h) rotavirus-11-mercaptoundecanoic acid SAM 
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were calculated for every solution condition and plotted as a function of ionic strength.
53, 54
 
Experimental conditions a) and b), were conducted to elucidate the dominant interactions 
between the very hydrophilic/electronegative mica and the two NOM isolates of different 
physicochemical characteristics, while conditions c) and d), were conducted as control 
experiments
17
 for assessing the contribution of rotavirus to the overall interaction between 
rotavirus and SRNOM or CRW.  Finally, conditions g) and h), were also performed as control 
experiments to measure the interacting forces between rotavirus and hydroxyl group-SAM or 
deprotonated carboxyl group-SAM (i.e., mimicking major functional groups on CRW and 
SRNOM, respectively). 
 Because of possible complex adhesion behavior due to the heterogeneous nature of NOM 
isolates, retracting force profiles were individually analyzed in terms of maximum adhesion 
force, maximum adhesion distance, and adhesion energy as described by previous studies.
55, 56
 
For instance, maximum adhesion forces were determined based on the maximum force measured 
before total detachment of the rotavirus-coated probe from the NOM-coated surface.  The 
adhesion distance was calculated as the maximum separation distance between the rotavirus-
coated colloidal probe and NOM-coated surface during retraction, where the interaction ceases.  
Adhesion energies were directly calculated by integrating the pull-off forces by the separation 
distance using the trapezoidal rule.
50, 55, 57
  In addition, adhesion forces were further normalized 
by the silica probe radius as described in previous studies.
48
  The probability of occurrence of 
adhesion distances, adhesion forces, and adhesion energies determined from the retracting force 
curves were described by Log-normal density function.  The minimum detectable adhesion force 
included in this analysis was defined as 0.05 nN.  Adhesion forces of lower magnitude were 
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taken into account for discussion but not quantified.  The Log-normal distribution, mean, and 
variance, were determined from the measured adhesion forces.   
Surfaces and probe preparation for Atomic Force Microscopy experiments.  Silica 
surfaces were cleaned following the procedure previously described.
17
  Briefly, silica surfaces of 
approximately 0.7 cm
2
 in area were first immersed in 2% hellmanex (Hellma Analytics, USA) 
solution for 30 minutes and subsequently rinsed in excess in DDI water.  Then, 400 L of 98% 
sulfuric acid with 30 g/L nochromix solution were pipetted on top of the silica surfaces and 
removed after 24 hours of exposure.  The silica surfaces were then rinsed in excess in DDI water, 
dried with ultrapure N2, and finally oxidized in an ozone/UV chamber for 30 minutes (BioForce 
Nano-sciences Inc., Ames, IA).  The procedure for NOM-coating of silica surfaces was 
conducted following the layer-by-layer protocol.
16, 17
  First, 400 L of PLL hydrobromide 
solution was pipetted on top of the silica surface and left undisturbed for 24 hours.  The PLL 
hydrobromide solution was then removed and the PLL-coated silica surface was rinse with DDI 
water.  Subsequently, 400 L of approximately 200 mg C/L SRNOM or CRW solution was 
pipetted on top of the PLL-coated surface and left undisturbed for 24 hours.  After the NOM 
solution was removed; the NOM-coated silica surface was rinsed with DDI water and 
immediately used in AFM experiments.  Rotavirus-coated and CRW-coated and SRNOM-coated 
silica colloidal AFM probe were similarly prepared following the layer-by-layer procedure.
16, 17
  
Briefly, a silica colloidal AFM probe was carefully immersed in 400 L of PLL hydrobromide 
solution and allowed to coat for 24 hours.  The PLL-coated silica colloidal probe was then 
removed from the PLL hydrobromide solution and rinsed in DDI water.  Subsequently, the PLL-
coated probe was immersed in 400 L of ~9×106 FFU/mL rotavirus solution or 400 L of 50 mg 
C/L SRNOM solution or 400 L of 50 mg C/L CRW solution and allowed to coat for 24 hours.  
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Finally, the probe was removed from the viral or NOM solution, rinsed in DDI water, and 
immediately used in AFM experiments.  Moreover, the next set of experiments was conducted 
for testing the NOM-coating completeness of silica surfaces as described elsewhere.
17
 A silicon 
nitride (SiNi) AFM tip of 20 nm tip radius (0.24 N/m, NP series, Bruker, USA) was tested with 
the next surfaces: a) silica surface (0.7 cm
2
); b) PLL-coated silica surface; c) SRNOM-coated or 
CRW-coated silica surface.  A minimum of 25 forces profile curves were recorded at different 
locations of the three tested surfaces in a 1 mM NaHCO3 solution at a buffered pH of 8.3 and at 
ambient temperature. 
4.4 Results and Discussion 
 Origin and characteristics of the NOM isolates.  Both NOM isolates were originally 
obtained from surface waters of different characteristics and have been extensively studied in 
previous investigations.
10, 34, 35, 58
 Suwannee River has been described as black water with high 
humic content and high specific ultraviolet absorbance (SUVA).  SRNOM has shown a high 
aromatic and phenolic carbon content with a predominance of tanning and lignin-derived fulvic 
acid structures where carboxyl group has been identified as a major functional group.
34
  
Colorado River has been described as non-humic water with low SUVA.  Compared to SRNOM, 
this lower SUVA value indicates the more aliphatic character of CRW.  There is a predominance 
of fulvic acid structures in CRW.  Unlike SRNOM, these structures were originally derived from 
terpenoids (i.e., suggested as algal and bacterial-derived), where carboxyl groups are found 
distributed across aliphatic ring structures. The content of aromatic and phenolic carbon in CRW 
was low while methyl group content was found higher.  Conversely, CRW was enriched in 
polysaccharide moieties and alcoholic functional groups.
10, 35
   
Electrophoretic mobility (EPM) analysis for NOM isolates.  The EPM of silica particles 
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was negatively charged at the whole range of ionic strength tested (Figure 4.1), and became less 
negatively charged with increasing salt in solution (from -2.34±0.26 to -0.33±0.16 µmcmV
-1
s
-1
 at 
1 mM NaCl and 100 mM NaCl, respectively).  As reported in previous investigations,
16
 PLL 
reversed the charge of silica particles.  Similarly to silica, the charge of PLL-coated silica 
particles became less charged with increasing ionic strength (from 4.45±0.14 to 2.20±0.11 
µmcmV
-1
s
-1
 at 1 mM NaCl and 100 mM NaCl, respectively).  SRNOM or CRW adsorbed on 
PLL-coated silica particles caused another charge reversal.  The mobility of both isolates was 
negative at the whole range tested and also decreased with increasing ionic strength (from -
2.75±0.30 at 1 mM NaCl to -0.68±0.06 µmcmV
-1
s
-1
 at 100 mM NaCl for SRNOM, and from -
1.66±0.14 at 1 mM NaCl to -0.51±0.25 µmcmV
-1
s
-1
 at 100 mM NaCl for CRW) as previously 
observed for other charged-colloids.
46, 59, 60
  This decrease in EPM was suggested to be caused 
due to compression of diffuse double layer associated with increased concentration of  Na
+
 ions 
in solution.  Na
+
 ions have been suggested to only weakly interact with NOM molecules via 
outer-sphere association.
31
  The different magnitudes of EPM obtained for both isolates were an 
indicative of their dissimilar surface characteristics.  At the pH of the experiments, the charge 
displayed by both isolates would be a product of ionized carboxylate groups as a dominant acidic 
functional group as suggested elsewhere.
31
  However, the higher EPM exhibited by SRNOM 
would be the result of a larger presence of deprotonated carboxylate groups on its structure.  
Finally, the EPM of both isolates did not seem to reach a finite lower limit associated with 
limited charge screening at high salt concentration in solution as observed in previous studies.
46, 
61
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Figure 4.1 EPM of a) bared silica particles (1.6 m), CRW-coated silica particles, SRNOM-
coated silica particles, and b) PLL-coated silica particles as a function of ionic strength 
(ambient pH, 25
o
C).  The different EPM magnitudes obtained for SRNOM and CRW were 
an indicative of their dissimilar surface characteristics. 
 
 NOM coating-completeness of silica surfaces.  Control experiments were first 
conducted to assess NOM coating-completeness of the silica surfaces following protocols 
previously detailed.
17
  Repulsion forces were initially detected between the SiNi tip and silica 
surface during approach in 1 mM NaHCO3 solution, indicating electrostatic repulsion originated 
by the negative charge of the tip and the silica surface at the pH of the experiment (8.3).  
Interaction force decay lengths calculated based on the approaching curves (i.e., 9.1 nm) closely 
followed theoretical Debye length at 1 mM ionic strength (i.e., 9.6 nm), suggesting DLVO forces 
as the exclusively interacting forces in this system as previously observed.
53
  Conversely, 
attractive forces during approach and high adhesion during retraction were recorded between the 
negatively-charged SiNi tip and positively-charged PLL-coated silica surface, indicating that the 
silica surface was efficiently coated by PLL relative to the length-scale of the radius of curvature 
of the SiNi tip. Finally, repulsive forces were detected between SiNi tip and SRNOM-coated 
silica surfaces, indicating successful modification of the PLL-coated silica surface by the 
100 
 
adsorbed NOM isolate relative to the radius of curvature of the SiNi tip. 
Interactions between mica surface and SRNOM-coated or CRW-coated silica 
colloidal probes.  As described in the previous section, interaction force measurements between 
mica surface and SRNOM-coated or CRW-coated silica colloidal probes were fist conducted to 
elucidate the dominant interaction mechanisms between the very hydrophilic/electronegative 
mica and the two NOM isolates of different physicochemical characteristics.   
Approaching curves showed significantly different interacting behaviors between mica 
and the two isolates (Fig 4.2).  Repulsion forces following an exponential decay were recorded 
between SRNOM and mica at 1, 10, and 100 mM NaCl solutions and at pH 5.7, and decreased 
with increasing ionic strength.  Calculated interaction force decay lengths (8.21±0.79, 3.59±0.46, 
and 1.53±0.53 nm at 1, 10, and 100 mM NaCl, respectively, n=15 per solution condition) closely 
followed theoretical Debye Length (9.61, 3.04, and 0.96 nm at 1, 10, and 100 mM NaCl, Figure 
4.3), suggesting the solely influence of DLVO forces in this system.  Ionized carboxyl groups 
(i.e., major functional group in SRNOM and humics/hydrophobic acid fractions in general) 
would be the main contributor to the negative charge of SRNOM at the pH of our experiments.
34
  
On the other hand, the high negative charge displayed by mica is attributed to sites of permanent 
and variable charge in solution.
62, 63
  The permanent charges are ascribed to isomorphic 
substitution in the crystal structure, while the variable (pH dependent) charge sites to aluminol 
and silanol functional groups.  Interestingly, previous studies have shown that permanent charges 
contribute to more than 90% of the total surface charge of mica at neutral pH.
64
  Therefore, 
strong electrostatic forces arising between ionized carboxylic groups on SRNOM and highly 
negatively charged mica would be a major contributor to the repulsive forces displayed at all 
ionic strength tested.  In addition, the decrease in the negative charge on SRNOM with 
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increasing ionic strength (Figure 4.1) due to counter-ion charge screening would play a 
significant role in the decrease of repulsive forces.
65, 66
  However, in addition to strong 
electrostatics, other studies have suggested the presence of steric repulsive forces as another 
important mechanism during NOM interaction with surfaces.  Depending on the NOM fraction 
and solution chemistry (e.g. pH or type and concentration of cations), adsorbed NOM has been 
long proposed to facilitate the stability and transport of colloids in natural water environments.
5, 
67, 68
  Specifically, humic substances (e.g., SRNOM and its fractions) have been widely 
recognized for both steric and electrostatic stabilization in the presence of monovalent salts (i.e., 
not the case for multivalent cations), presumably because of its complex polymeric chains and 
ionized functional groups, respectively.
5, 69-71
  Indeed, previous studies have directly measured 
steric repulsive forces of surface-grafted polymers (polyethylene glycol, PEG).
72
  The steric 
interactions identified between PEG and a sharp tip produced long ranged-repulsive forces 
closely following exponential decays.  In addition, conformational changes of the polymeric 
brush (i.e., compression/extension) due to solution conditions (poor or good solvents) were 
clearly observed. 
Conversely, repulsive forces were not only absent between CRW-coated silica colloidal 
probe and mica, but jump-in to contact (i.e., unstable region where strong attractive forces cause 
considerable bending stresses to the cantilever, consequently exceeding its spring constant)
48
 
were recorded at every force profile and prevented the calculation of interaction force decay 
length. However, the magnitude of the jump-in to contact decreased with increasing ionic 
strength (i.e., 1.29±0.04, 0.69±0.11, and 0.41±0.09 mN/m at 1, 10, and 100 mM NaCl solution, 
respectively, n=15 per solution condition), suggesting that this interacting mechanism is 
negatively influenced by the increase of ions in solution.  These attractive forces were not 
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electrostatic in nature due to the negative charge of both mica and CRW (Figure 4.1), therefore 
an attractive acid-base component successfully overruling electrostatic repulsion would be 
involved in this system. These interactions could be explained by the characteristics of CRW 
isolate as follows.  CRW can be defined as a transphilic acid NOM fraction (i.e., non-humic 
NOM with a considerable aliphatic character and intermediate hydrophilicity), where carboxyl 
groups play a major role in imparting a negative charge to the isolate and polysaccharide 
moieties, rich in alcohol groups, are incorporated in the structure of the NOM molecules. The 
jump-in to contact observed between mica and CRW would be caused by strong ionic hydrogen 
bonds between hydroxyl groups, present in abundance on CRW structure, and the very 
electronegative elements on the surface of mica at very short distances (i.e., ionic hydrogen 
bonds have been suggested as significantly stronger than neutral hydrogen bonds).
73, 74
 In 
addition, it has been previously suggested that hydrogen bonds in excess can overrule 
electrostatic repulsion forces.
75
 In conclusion, two different interacting mechanisms were 
observed, during both approaching and retracting regimes, between mica and two NOM isolates 
of dissimilar physicochemical characteristics.  For instance, high repulsion forces between 
SRNOM and mica during approach and lack of adhesion clearly differed from the strong 
attractive forces displayed between CRW and mica during approach and high adhesion during 
retraction.  The aromatic/phenolic SRNOM with a high content of carboxyl groups (i.e., 
hydrophobic acid fraction/humic) markedly contrasted in characteristics with the less charged 
but more aliphatic in nature CRW (i.e., transphilic acid NOM with polysaccharides on its 
structure).  Therefore, considering that mica was used as a control surface (i.e., very hydrophilic 
molecularly smooth phyllosilicate), it is reasonable to suggest that the characteristics of both 
isolates played a fundamental role in these dissimilar behaviors.   
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Figure 4.2 Approaching curves between mica surface and SRNOM-coated or CRW-coated silica 
colloidal probe (pH 5.7, 25
o
C). Significantly different force profiles were generated, indicating 
different dominant interacting mechanism arising due to the dissimilar surface characteristics of 
the two isolates. 
 
Figure 4.3 Interaction force decay length determined between rotavirus-coated silica colloidal 
probe and mica surface or silica surface or SRNOM-coated silica surface or SAM-COOH, and 
between mica surface and SRNOM-coated silica colloidal probe.  Interaction force decay lengths 
between SRNOM and mica closely follow classic DLVO theory.  Conversely, when rotavirus is 
present in the system, interaction force decay lengths suggest the presence of non-DLVO forces.  
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Interaction forces between rotavirus-coated silica colloidal probe and mica or silica 
surface during approaching.  Interaction forces between rotavirus and mica or silica surface 
(i.e., selected as model hard surfaces) were first measured as a control experiment for assessing 
the contribution of rotavirus to the overall interaction between rotavirus and SRNOM or CRW. 
The calculated interaction force decay lengths between rotavirus and mica or silica (fig. 
4.3) showed no significant statistical difference (two-tailed t-test, p=0.05) at all the ionic strength 
tested (1, 10, and 100 mM NaCl, n=20 per solution condition).  Although at 1 mM NaCl solution 
these decay lengths closely followed predicted Debye length (i.e., 8.42±0.39 nm and 7.85±0.54 
nm for mica and silica surfaces, respectively, versus 9.6 nm for classic DLVO), a significant 
deviation was measured at 10 mM (i.e., 5.88±0.54 nm and 5.95±0.40 nm for mica and silica 
surfaces, respectively, versus 3.0 nm for classic DLVO) and 100 mM (i.e., 5,24±0.98 nm and 
4.82±0.66 nm for mica and silica surfaces, respectively, versus 0.96 nm for classic DLVO) NaCl 
solutions.  Similar interaction force decay length deviating from Debye length between rotavirus-
coated AFM colloidal probe and silica surface has been reported previously.
17
  This deviation 
from theoretical Debye length, clearly originating from rotavirus,  indicates little ionic strength 
dependence and the presence of an additional force interacting in this system besides classical 
DLVO forces (i.e., classic DLVO theory considers only Lifshitz-van der Walls forces and 
electrostatic double-layer interaction for perfectly smooth surfaces).
76, 77
  In an ideal DLVO 
system, increasing ionic strength is expected to compresses the double layer, leading the 
interaction decay length to follow theoretical Debye length.  In a previous study, three possible 
factors, or a combination of them, were suggested to cause this behavior on rotavirus particles: a) 
low Hamaker constant of viruses resulting in weak van der Waals forces, b) strong hydration 
forces, and c) steric interactions similarly observed in bacteria or oocysts.
17, 24, 53, 78-81
  However, 
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in order to understand rotavirus interactions with other surfaces, the dominant interacting 
mechanisms as a function of capsid characteristics and solution chemistry have to first be 
elucidated.   
Rotavirus has been characterized as a non-enveloped (i.e., lacking a lipid by-layer 
membrane) enteric virus that infects both animals and man, comprising of three protein layers 
protecting its double stranded-RNA genome.  The outer most protein layer consists of an outer 
glycoprotein capsid (VP7) with spike (nonglycosylated) proteins VP4 protruding from the 
core.
37, 82
  Intestinal trypsin causes proteolitic cleavage of VP4 into VP5 and terminal fragment 
VP8, the latter suggested as responsible of mediating attachment to cells and target of 
neutralizing antibodies.
83
  The structure the outer most capsids of rotavirus and its fragments has 
been extensively studied at a high resolution (Å-level) and refined by multiple cycles of 
simulated annealing, energy minimization, and individual B-factor refinement.
83-85
  Recently, 
Aoki et. al, (2006) generated a surface representation in terms of electrostatic potential of a) the 
sialic acid-independent rotavirus (strain DS-1) VP8 core, and b) the sialic acid-binding VP8 core 
from simian (strain RRV) rotavirus (i.e., similar surface representations have been also generated 
for VP5 and VP7).
82, 84, 85
  The location of positive and negative charges was not homogeneously 
distributed on the surface of these viral proteins and, interestingly, these locations slightly 
differed in both DS-1 and RRV VP8 cores (i.e., however, these terminal fragments have been 
described as not hydrophobic at all).  These results give us an insight of a) the heterogeneous 
charge distribution on the outer most capsids of rotavirus, and most importantly, b) the 
variability of these charges among different rotavirus strains. The latter statement is supported by 
studies of the variability of residues at specific locations of proteins between different rotavirus 
strains.
83, 85
  In addition, the amino acid sequence of the outer most capsids shows charged 
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moieties, hydrophobic, and hydrophilic neutral residues heterogeneously distributed all over the 
viral proteins.
76, 78, 79
  However, the location, accessibility (i.e., which is a direct result of protein 
conformation as a function of solution chemistry), and type/number of residues would play a 
fundamental role during the interaction with other surfaces (i.e., mica, silica), and of course 
colloids in solution, such as natural organic matter. 
Interaction forces between rotavirus and SRNOM-coated silica surface. During 
approaching, repulsive forces following an exponential decay were solely recorded between 
rotavirus and SRNOM during the entire ionic strength range tested (i.e., 1, 10, and 100 mM NaCl 
solutions).  Similarly to rotavirus and mica or silica, the interaction force decay length calculated 
between rotavirus and SRNOM-coated silica surfaces (Fig. 4.3) showed a considerable deviation 
from predicted Debye length at 10 and 100 mM NaCl solutions (i.e., 7.51±1.63 nm and 
5.57±1.48 nm, respectively, n=25 for every solution condition), although it closely followed 
theoretical Debye length at 1 mM NaCl solutions (i.e., 8.74±1.85 nm).  There was no significant 
statistical difference (two-tailed t-test, p-0.05) between rotavirus and silica or mica or SRNOM at 
1 and 100 mM NaCl solutions, but at 10 mM NaCl solution.  Considering the interaction decay 
lengths previously calculated for mica-SRNOM and mica-rotavirus systems (Fig. 4.3), it would 
be logical to suggest that the high deviation from theoretical Debye length for the rotavirus-
SRNOM system was clearly originated from rotavirus and not from SRNOM. On the other hand, 
no adhesion forces between rotavirus and SRNOM were recorded during retraction even at high 
ionic strength (e.g., 100 mM NaCl solution) and the force versus distance profiles closely 
mirrored approaching force curves, as similarly reported elsewhere.
17
  Therefore, the strong 
repulsive forces observed during approaching and the absence of adhesion forces during 
retraction between SRNOM and rotavirus even at high salt concentration in solution, suggest that 
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the dominant interacting mechanisms are slightly sensitive to ionic strength.  However, a deeper 
analysis regarding the high rejection exhibited between rotavirus and SRNOM and its correlation 
to their surface characteristics will be carried out in the next sections.  
Interaction forces between rotavirus and CRW-coated silica surface. The interaction 
forces between rotavirus and CRW were significantly different from that exhibited between 
rotavirus and SRNOM.  Similarly to CRW-mica interactions, at every ionic strength tested (e.g., 
1, 10, and 100 mM NaCl solutions) not only repulsive forces were absent during approaching, 
but jump-in to contact were recorded in every generated curve (Figure 4.4a).   As described in 
previous sections, jump-in instabilities are generated due to the gradient of strong attractive 
forces overcoming the spring constant of the cantilever.  However, following this jump-in to 
contact, the presence of a non-linear region typically observed due to the compression of 
deformable materials was detected (i.e., probably originated from rotavirus/CRW system, and 
referenced in the literature as deformable materials with surface forces).
48
  Due to the number of 
curves produced (n=20 at every solution condition) and a slight variability in the magnitudes of 
the interacting forces between CRW and rotavirus (i.e., measured from the end of the jump-in to 
contact to the end of the detected polymeric-like barrier), probability density functions were 
generated and fitted using Log-Normal distributions (Fig. 4.4b-d).  The interacting forces 
decreased from a mean () of 2.89 nN (variance: 0.30, R2: 0.75) at 1 mM NaCl solutions, to a  
of 1.48 nN (variance: 0.31, R
2
: 0.88) at 10 mM NaCl solutions.  This decrease (more drastically 
observed during the jump-in to contact) suggests that the dominant mechanism is inversely 
affected by ionic strength.  Nevertheless, the interacting forces at 100 mM NaCl were similar in 
magnitude to those at 10 mM NaCl (: 1.32 nN, variance: 0.30, R2: 0.94), indicating that the 
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dominant interacting mechanism has not experience a significant change during this increase in 
ionic strength.   
 
 
 
Figure 4.4 a) Model approaching curves between rotavirus-coated silica colloidal probe and 
CRW-coated silica surface measured at 1, 10, and 100 mM NaCl solutions and at pH 5.7 and 
25
o
C.  Jump-in to contact was present at every generated curve.  Probability density functions 
(Log-Normal fit) describing the interacting force distributions between rotavirus and CRW 
during approaching at b) 1 mM NaCl, c) 10 mM NaCl, and d) 100 mM NaCl solutions.  
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On the other hand, considerable adhesion (totally absent between SRNOM and rotavirus) 
were recorded during retracting at every ionic strength tested (Fig. 4.5).  Once again, due to the 
amount of curves produced and a slight variability in the magnitudes of the maximum adhesion 
forces between CRW and rotavirus (i.e., maximum adhesion forces were determined based on 
the maximum force measured before total detachment between the rotavirus-coated probe and 
the CRW-coated silica surface), probability density functions were generated and fitted using 
Log-Normal distributions (Fig. 4.6a-c).  A similar statistical analysis was conducted for 
maximum adhesion distances (i.e., maximum adhesion distance was calculated as the maximum 
separation distance between the rotavirus coated-colloidal probe and CRW-coated silica surface 
during retraction, where the interaction ceases, figure 4.7a-c), and for adhesion energies (i.e., 
adhesion energies were directly calculated by integrating the pull-off forces by the separation 
distance using the trapezoidal rule, as described in the materials and method section, figure 4.8a-
c).  A decrease in maximum adhesion forces ( 3.3 nN, variance: 0.21, R2: 0.88;  2.2 nN, 
variance: 0.14, R
2
: 1.0;  1.3 nN, variance: 0.29, R2: 1.0; at 1, 10, and 100 mM NaCl solutions, 
respectively) was clearly observed with increasing ionic strength (Figure 4.6a-c).  Similarly, long 
adhesion distances were recorded at every single retracting curve generated, and they also 
decreased with increasing ionic strength ( 209 nN, variance: 0.33, R2: 0.99;  nN, 
variance: 0.79, R
2
: 0.98;  142 nN, variance: 0.63, R2: 0.94; at 1, 10, and 100 mM NaCl 
solutions, respectively, Figure 4.7a-c).  Interestingly, these distances (longer than the diameter of 
a rotavirus particle or a CRW molecule) suggest a possible detachment (pull-off) occurring at the 
substrate or AFM probe, as suggested in previous studies.
 17, 86, 87
  In addition, multiple 
detachments were also observed (i.e., more clearly at low ionic strength), indicating multiple 
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discrete adsorption sites occurring between CRW-coated surface and rotavirus-coated colloidal 
probe.
88, 89
   
 
Figure 4.5 Model retracting curves between rotavirus-coated silica colloidal probe and CRW-
coated silica surface measured at 1, 10, and 100 mM NaCl solutions and at pH 5.7.  Maximum 
adhesion forces and maximum adhesion distances clearly decreased with increasing ionic 
strength, suggesting that the dominant interacting mechanism is negatively affected by ionic 
strength.   
 
 
Sample H2O 
  Au: Gold surface (cleaned) 63.2±2.5 
Au / SAM-OH 13.4±1.8 
Au / SAM-COOH 14.1±2.1 
 
Table 4.1 Contact angles (deg) measured by static sessile drop technique using water as a probe 
liquid.  Surfaces probed included: gold surfaces previously cleaned with piranha solution 
(control), SAM-OH deposited on gold surface, and SAM-COOH deposited on gold surface. 
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Figure 4.6 Probability density functions (Log-Normal fit) describing maximum adhesion force 
distributions between rotavirus and CRW during retracting at a) 1 mM NaCl, b) 10 mM NaCl, 
and c) 100 mM NaCl solutions.  Adhesion forces clearly decrease with increasing ionic strength. 
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Figure 4.7 Probability density functions (Log-Normal fit) describing maximum adhesion 
distance distributions between rotavirus and CRW during retracting at a) 1 mM NaCl, b) 10 mM 
NaCl, and c) 100 mM NaCl solutions.  Similarly to adhesion forces, maximum adhesion 
distances clearly decrease with increasing ionic strength.  However, these long distances suggest 
possible CRW or rotavirus pull-off from substrate.  
b 
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Figure 4.8 Probability density functions describing adhesion energy distributions between 
rotavirus and CRW during retracting at a) 1 mM NaCl, b) 10 mM NaCl, and c) 100 mM NaCl 
solutions.  Adhesion energies were calculated by integrating the pull-off forces by the separation 
distance using the trapezoidal rule. 
Similarly to the decrease of maximum adhesion forces and maximum adhesion distances 
with increasing ionic strength, calculated adhesion energies between CRW and rotavirus 
consequently decreased with increasing ion concentration in solution ( 308×10-18 J, variance: 
0.78, R
2
: 0.80; ×10-18 J, variance: 0.71, R2: 0.99;  89×10-18 J, variance: 0.01, R2: 0.98; at 
1, 10, and 100 mM NaCl solutions, respectively, Figure 4.8a-c).  Evidently, the dominant 
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interacting mechanism between CRW and rotavirus in NaCl solutions was inversely correlated to 
the addition of anions in solution, and this high affinity was clearly observed not only during 
approaching (i.e., attractive forces causing jump-in effects), but during retracting as well (i.e., 
high adhesion).  Furthermore, this mechanism can be described as fundamentally different from 
that between SRNOM and rotavirus.  Nevertheless, the interacting behaviors between rotavirus 
and CRW or SRNOM would also be explained in terms of the characteristics of rotavirus and 
both isolates as follows. 
 Interactions between rotavirus and 11-mercapto 1-undecanol (SAM-OH) or 11-
mercaptoundecanoic acid (SAM-COOH) self-assembled monolayers.  As described in 
previous sections, these experimental conditions were performed as a control to measure the 
interacting forces between rotavirus and hydroxyl group-SAM or carboxyl group-SAM.  These 
two SAMs mimic the major functional groups identified on CRW and SRNOM, respectively.  
Contact angles measured between water (probe solution) and previously-cleaned gold (Au) 
surface, Au SAM-OH, and Au SAM-COOH, indicates a modification of the originally 
hydrophobic gold surface (Table 1).   During approach, repulsion forces following an exponential 
decay were observed between rotavirus-coated colloidal probe and SAM-COOH (Figure 4.9a).  
These repulsive forces increased with decreasing distance and were evident even at high ionic 
strength (100 mM NaCl solutions).  The carboxyl group on SAM-COOH is expected to be 
deprotonated at the ambient pH of the experiments (5.7-5.9).  Likewise, rotavirus was negatively 
charged under the same conditions.  Therefore, electrostatics would be expected to influence the 
interactions between rotavirus and SAM-COOH.  Nevertheless, interaction force decay lengths 
clearly deviated from theoretical Debye length (Figure 4.3).  Similarly to the experimental 
conditions described in previous sections (rotavirus/SRNOM, rotavirus/mica, rotavirus/silica), 
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the presence of rotavirus was influential during the interaction with SAM-COOH.  Conversely, 
during retraction no significant adhesion was observed (Figure 4.9b).  The interaction between 
rotavirus and SAM-OH significantly differed from SAM-COOH (Figure 4.9a), but closely 
resembled that of rotavirus-CRW (Figure 4.4a).  A jump-in to contact was observed during 
approach at every curve generated.  Following the jump-in to contact, a non-linear region 
resembling compression of structures was clearly observed.  This compression might be 
originated from rotavirus and CRW.  During retraction high adhesion forces were recorded at 1 
mM NaCl, and decreased with increasing ionic strength (i.e., as observed during rotavirus-
CRW).  The dissimilar interactions shown by rotavirus with the two SAMs tested leads to 
conclude that: 1) rotavirus exerts an important influence in the interactions with silica, mica, and 
SRNOM which causes deviation from the measured interaction decay lengths, and 2) the major 
functional group on both SRNOM and CRW (mimicked by SAM-COOH and SAM-OH, 
respectively) are fundamental during interactions with rotavirus.   
 
Figure 4.9 a) Model approaching curves for rotavirus-coated colloidal probe and 11-mercapto 1-
undecanol SAM (SAM-OH) or 11-mercaptoundecanoic acid SAM (SAM-COOH), and b) 
Maximum adhesion forces measured during retracting between rotavirus-coated colloidal probe 
and SAM-OH or SAM-COOH.  
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Possible interacting mechanisms between rotavirus and SRNOM or CRW.  As 
described in previous sections, carboxyl have been suggested as a major functional group 
responsible of imparting a negative charge to SRNOM.
34
  In addition to carboxyl groups, phenols 
are also present in hydrophobic acid NOM fractions (i.e., also typically defined as humic NOM).  
Phenols (i.e., hydroxyl group bonded to a phenyl/benzene ring) are weak acids with a pKa of 
~10, consequently acting as protic solvents. The hydroxyl group is bonded to an unsaturated 
(sp
2
) carbon with a tight coupling with oxygen and a relative loose bond between oxygen and 
hydrogen.  Conversely, polysaccharide moieties rich in alcohol groups are incorporated in the 
structure of transphilic acid CRW molecules (i.e., CRW has been characterized as considerably 
aliphatic nature, and EPM results suggest a lower presence of carboxyl groups compared to 
SRNOM).  In alcohols, the hydroxyl group is bonded to a saturated carbon (sp
3
 hybridized) with 
therefore no multiple bonds.  The pKa of this group is ~16 to 18, which makes it at least 10
6
 
times less acidic than phenols.
90
  In general, hydroxyl groups are polar functional groups which 
interact with other molecules (e.g., water molecules) or compounds by forming neutral or ionic 
hydrogen bonds (i.e., except when the hydroxyl groups are “hidden/buried” by other functional 
groups by means of steric hindrance).
91
  In phenols and aliphatic alcohols, hydroxyl groups 
improve the solubility of these molecules in water, while carbon tends to resist to it.  For 
instance, the solubility of molecules containing hydroxyl groups and long hydrocarbon chains is 
usually lower than those containing short hydrocarbon chains (e.g., butanol vs. ethanol, 
respectively).
90, 92
  Basically, the difference in NOM structures abovementioned would play a 
significant role in their interactions with other surfaces. However, recent studies have also 
indicated the importance of specific interactions between different functional groups, which 
would also highly impact rotavirus-CRW and rotavirus-SRNOM interactions, as follows.  
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Briefly, the interactions between different functional groups in solution using self-
assembled monolayers (SAMs) have been previously documented in the literature.  The 
advantage of SAMs is their well-defined surface chemistry and homogeneity at the molecular 
level.  For instance, a comprehensive study by Azmi et.al, (2013) used ortho- and meta-
hydroxyphenol, and mono-protic phosphate alkanethiol self-assembled monolayers (SAM) to 
measure the competitive adsorption (i.e., forces of adhesion) of phenol/phenol, 
phenol/phosphate, and phosphate/phosphate species at a wide range of pH by chemical force 
spectrometry.
44
   Maximum adhesion forces between o-hydroxyphenol SAMs or between m-
hydroxyphenol SAMs were measured at pH 9 to 9.5 (i.e., pK1/2 of hydroxyl groups); indicating 
ionic hydrogen bonds (suggested as significantly stronger than neutral hydrogen bonds)
73, 74
 as 
the dominant mechanism in this system.  Conversely, at environmentally relevant pH 6 to 8 (i.e., 
pH at which hydroxyl groups are fully protonated and only neutral hydrogen bonding 
interactions are expected) as well as pH>11 (i.e., pH at which hydroxyl groups are ionized and 
only electrostatic repulsion forces are expected) the lowest adhesion forces were recorded.  On 
the other hand, maximum adhesion forces between mono-protic phosphate SAMs were observed 
at pH ~4, which similarly to the case of o-hydroxyphenol or m-hydroxyphenol SAMs, indicated 
high degree of hydrogen bonding due to partial deprotonation of phosphate species.  Above pH 6 
strong electrostatic repulsion forces due to ionized phosphate species arose between SAMs and 
caused the lowest adhesion forces.  Interestingly, maximum adhesion forces between two mono-
protic phosphate surfaces and between two ortho- or meta-hydroxyphenol surfaces occurred at 
environmental pH of 6 to 8.  This strong interaction was suggested to be caused by ionic 
hydrogen bonds between ionized mono-protic phosphate and protonated hydroxyl groups on o-
hydroxyphenol and m-hydroxyphenol.  However, the magnitude of adhesion forces was higher 
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for o-hydroxyphenol, suggesting the importance of the location of the hydroxyl group. In another 
comprehensive study using atomic force microscopy, negligible adhesion forces were measured 
at pH 7.4 (PBS-buffered) between two alkanethiol SAM–COO- surfaces, while slightly higher 
adhesion force was recorded between two SAM–OH surfaces.93 These investigations remark the 
extremely low affinity between -COO
-
/-COO
-
, and the slightly higher adhesion between -OH/-
OH by means of neutral hydrogen bonding.  Results from this investigation clearly indicated 
that: a) the location and orientation of phenol species affect hydrogen bonding, and b) 
electrostatics and ionic hydrogen bonds were two major interacting mechanisms to be considered 
between strong and weak acids at environmentally relevant pH.   
A similar interpretation can be conducted to explain the results obtained in the present 
investigation as follows.  The high negative charge shown by both rotavirus
46
 and SRNOM and 
the low negative charge exhibited by CRW at the pH in the current study (pH ~6) would be a 
result of deprotonated carboxyl groups.  Conversely, their hydroxyl groups are expected to be 
fully protonated.  The low affinity between SRNOM and electronegative/hydrophilic mica 
suggest a dominant mechanism driven by long range electrostatic interactions probably due to 
deprotonated carboxyl groups as a dominant functional group.  Conversely, the high affinity 
between CRW and mica (i.e., the former with a considerable presence of polysaccharide moieties 
in its structure) suggest a dissimilar dominant mechanism, possibly related to different dominant 
functional groups.  Furthermore, interactions between rotavirus and SRNOM also showed low 
affinities as opposed to CRW.  Considering the high negative charge of rotavirus in solution, 
carboxyl groups would be an important contributor to the high rejection displayed to SRNOM.  
Contrariwise, these deprotonated carboxyl groups can also potentially show affinity to alcohol 
groups on CRW and be responsible of the high adhesion observed.   
119 
 
The hydrogen bond-based mechanism suggested in this study has been tested in a 
previous study.  Briefly, the interaction forces due to hydrogen bonding between carboxyl group-
terminated SAM and phenylurea groups in ethanol solutions by atomic force microscopy were 
studied (i.e., urea is commonly used as a protein denaturant due to its extraordinary affinity for 
hydrogen bonding caused its by proton-accepting group C=O and two proton-donating groups N-
H).
94, 95
   These very controlled conditions (e.g., SAMs, ethanol solution, urea groups) allowed 
the direct measurement of hydrogen bonding between these two species.  However, the addition 
of 1 mM H2PO4
-
 to the ethanol solution decreased the adhesion forces between carboxyl groups 
and phenylurea groups.  H2PO4
-
 ions were suggested to highly interact with phenylurea groups, 
acting as a blocking agent.  The decrease in the strength of hydrogen bonding-based interactions 
has been previously suggested as caused by increasing ionic strength in solution.
96
  Similar 
decrease in adhesion was observed between CRW and rotavirus or mica with increasing anions 
in solution.  Therefore, the investigation described above provides supporting evidence of ionic 
hydrogen bonding as a dominant interacting mechanism between CRW and rotavirus. 
As a final remark, the same study by Sethuraman et. al (2004) also investigated 
interactions between SAM-OH or SAM-COO
-
 and various proteins of different molecular 
weights, isoelectric points, and structures.
93
  Although higher adhesion forces were measured 
between SAM-OH and IgG or BGG or Pyr; RNAse A and Lys showed similar adhesion behavior 
to both SAM-OH and SAM-COO
-
.  Therefore, although the capsids of non-enveloped viruses 
(i.e., including rotavirus) are made of proteins, we must be careful in analyzing every case since 
the characteristics of proteins can extremely differ from each other due to their inherent 
structural complexity and conformation.  Therefore, we believe this current study gives us a 
fundamental insight of the importance of repulsive electrostatic interactions and the strength of 
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ionic hydrogen bonding occurring between ionized species and hydroxyl groups as a function of 
solution pH, where the reactivity of rotavirus and NOM isolates would be highly dependent on 
their surface characteristics. 
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CHAPTER 5 
CONCLUSIONS 
 
Rotavirus particles showed high stability in NaCl solutions of up to 600 mM.  Clearly, 
DLVO forces were not the solely mechanisms governing rotavirus particles interactions.  
Conversely, divalent cations in solution (Mg
2+
 and Ca
2+
) caused a profound effect in rotavirus 
stability.  Cation bridging between deprotonated carboxylic groups on rotavirus surface was 
suggested as the main mechanism disrupting rotavirus stability.  Interestingly, rotavirus 
aggregation was not measurable under typical groundwater hardness values found in USA (Yates 
et al., 1985). Viruses are present in the environment at diluted concentrations; consequently, 
aggregation would not be expected as a fate.  However, the relevance of these results is based on 
accurate measurement of rotavirus surface moieties reactivity for mono and divalent cations; 
results particularly important when other component is added to the system, such as NOM.  
Rotavirus did not aggregate in NaCl and SRNOM-containing solutions even at high ionic 
strength, suggesting the presence of non-DLVO forces. Divalent cations broke the stability of 
SRNOM and rotavirus, and aggregation occurred faster than in the absence of SRNOM.  Cation 
bridging was suggested as the main mechanism between carboxyl groups on SRNOM and 
rotavirus.  However, aggregation was measurable at hardness values found in groundwater.  This 
result is particularly significant because it shows rotavirus affinity for a typical humic (SRNOM) 
in divalent cation solutions (i.e., plausible scenario in certain water systems).  On the other hand, 
no rotavirus deposition was observed on silica and SRNOM-coated surfaces in NaCl solutions.  
Rotavirus deposition was observed in typical values of hardness found in groundwater, and was 
higher on SRNOM-coated surfaces.  This result was in good agreement to aggregation 
experiments, and suggests divalent cation bridging as an important mechanism that may control 
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deposition of viruses on humic-like materials in water systems.  However, rotavirus interactions 
with NOM were found to be highly dependent on NOM characteristics. Interaction forces 
measured at the nano-scaled showed dissimilar interacting mechanism between rotavirus and a 
model humic (SRNOM) or a model non-humic NOM (CRW) in NaCl solutions.  Strong 
repulsive forces during approaching and no adhesion during retraction were recorded between 
rotavirus and SRNOM even at high ionic strength (i.e., in good agreement with deposition and 
aggregation experiments previously described).  However, attractive forces during approach and 
high adhesion were observed between rotavirus and CRW at low ionic strength commonly found 
in aquatic environments.  These results indicate that the properties of NOM would have a 
profound influence in the interaction with viruses that might affect their transport and fate in 
natural water systems. 
In addition to the above suggested environmental implications, the contribution of this 
work can be measured in terms of the development of protocols that can be extended to other 
applications. A dialysis-concentration rotavirus purification method was optimized to obtain a 
highly pure stock without significantly affecting its infectivity.  Complementary techniques (e.g., 
TR-DLS, EPM) were used to assess the quality of the final viral stock.  A direct comparison with 
CsCl-purified rotavirus stock indicates that the dialysis/concentration protocol produces viral 
stocks suitable for high quality research, and can be extended to purify other viral solutions.  A 
protocol for bio-modification of AFM colloidal probes and surfaces with rotavirus was 
introduced.  Systematic control experiments (i.e., based on force measurements with sharp AFM 
tips in contact mode) were designed to assess the coating-completeness of NOM-coated and 
rotavirus-coated silica surfaces.   The procedures developed in this work are promising tools to 
study surface interactions between viruses and organic material of diverse characteristics. 
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CHAPTER 6 
FUTURE RESEARCH 
 
Bio-modification of AFM probes is a powerful tool to study surface interactions at the nano-
scale.  The current investigation introduced a protocol for virus-coating of AFM colloidal probes 
to study interactions with environmentally relevant surfaces at a wide range of solution ionic 
composition. Nevertheless, several key environmental parameters not covered in this study, 
remained a challenge for future research. 
- Dissimilar pH conditions are expected at different water systems.  For instance, in a previous 
study, pH fluctuations ranging from 6 to 8.3 were observed in groundwater samples collected 
at different location in USA (Yates et al., 1985).  pH conditions have been extensively 
described to cause a deep effect on not only functional groups but also on the properties of 
proteins (e.g., conformation).  The influence of pH on the dominant mechanisms between 
rotavirus and MOM remains unknown; consequently, a comprehensive study including this 
key parameter is required.     
- This study was entirely conducted at ambient room temperature (25oC).  However, an 
investigation of the role of temperature on the interactions between rotavirus and surfaces is 
essential.  Natural ecosystems are typically characterized by their temperature fluctuations on 
a diurnal and seasonal basis.  These fluctuations are highly variable among different 
ecosystems. Therefore, temperature might potentially cause a profound effect on the surface 
characteristics of both NOM and viruses (e.g., conformation of the polymeric chains of NOM 
and proteins in viral capsids, etc.), influencing their interaction with other surfaces. 
- As described in chapter 4, previous investigations have characterized several strains of 
rotavirus at high resolution.  Generated surface representations in terms of electrostatic 
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potential have shown a heterogeneous charge distribution on the surface of outer viral 
proteins.  But more importantly, these studies have also observed a variability of these 
residues (e.g., hydrophobic, neutral hydrophilic, charged) among different strains.  The 
impact of this variability of residues among strains on their interaction with surfaces is 
currently unknown.  Therefore, a comparative study including a human rotavirus would be 
essential to understand this phenomenon. 
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APPENDIX 
PROTOCOLS FOLLOWED 
 
1 Rotavirus propagation on MA-104 cells1, 2 
1.1 Unless indicated, all the following steps must be conducted in a certified bio-safety level 
2 laboratory and in a laminar flow hood under strict sterile conditions.    
1.2 Purchase MA-104 Clone 1 cells (ATCC CRL-2378.1).  Although originally cryopreserve 
in liquid nitrogen vapor phase (below -130
oC, Eagle’s Minimum Essential Medium, 85%; 
fetal bovine serum 10%; DSMO, 5%), MA-104 cells will be delivered on dry ice which 
maintains a temperature between -70
o
C to -80
o
C and do not affect the viability of the cell 
cultures. 
1.3 The next materials and solutions must be prepared before receiving/thawing the cell 
culture. 
1.4 Prepared 10 L of Eagle’s Minimum Essential Medium (MEM) by diluting Eagle’s MEM 
powder (Gibco #41500-018), 22 g NaHCO3 (Sigma Aldrich #S5761-500g), and 23.8 g 
HEPES (Sigma Aldrich #H3784-25g) in 10 liters of dionized water (DI, resistivity 18 
M-cm, Millipore, USA).   Filter these 10 liters through a disposable sterile 45 mm 
diameter bottle-top 0.22 m cellulose acetate (CA) membrane filter (Corning) and 
dispense into ten 500 mL 45 mm diameter neck sterile Pyrex media bottle (500 mL of 
MEM in each 500 mL sterile Pyrex bottle).  Store the MEM at -4
o
C. 
1.5 Prepare 10 L of CELL MEM by diluting Eagle’s MEM powder, 22 g NaHCO3, and 23.8 
g HEPES in 10 liters of DI water.   Filter these 10 liters through a disposable sterile 45 
mm diameter bottle-top 0.22 m CA membrane filter and dispense into twelve 500 mL 
45 mm diameter neck sterile Pyrex media bottle (450 mL of MEM in each 500 mL sterile 
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Pyrex bottle).  Add 50 mL of fetal bovine serum (FBS) (Gibco # 10438-026) and 0.5 mL 
of 100X antibiotic/antimycotic (Gibco # 15240-062) to every bottle of 450 ml MEM 
solution.  Store the CELL MEM at -4
o
C.  
1.6 Prepare Phosphate Buffer solution (PBS) by adding 8 g of NaCl (Fisher # S640-3), 0.2 g 
of KCl (Fisher # BP366-500), 2.06 g of Na2HPO3x7H2O (Fisher #S373-500), and 0.2 g of 
KH2PO4 (Fisher # P380-500) to 1 L of DI water.  Dispense in 500 mL Pyrex bottles and 
autoclave in a 30 minutes liquid process with the cap of the bottle slightly loose.  Store at 
-4
o
C. 
1.7 Autoclave 1 L of DI water (1 L Pyrex bottle) in 30 minutes liquid process.  Wait until the 
autoclaved-DI water reaches ambient temperature.  Prepare Trypsin/EDTA solution by 
adding 10 mL of 0.5% Trypsin-EDTA 10X (Sigma-Aldrich #T0303) in 90 mL of pre-
autoclaved DI water (use a sterile 250 mL Pyrex bottle).  Store at -20
o
C. 
1.8 Add 25 mL of CELL MEM to a 150 cm2 culture flask (Corning # 430823) by pipetting 
with a 25 mL sterile polystyrene disposable serological pipette with magnifier stripe 
(Fisherbrand) using a Drummond 4-000-100 portable Pipet-Aid.  Incubate the flask at 
37
o
C and in a 5% CO2 environment for approximately 2 hours, along with 1 Pyrex bottle 
containing 500 mL of CELL MEM.   
1.9 This only step is not conducted in a laminar flow hood.  Immediately upon receiving the 
cell culture, initiate the next thawing process.  Place the received vial in a water bath at 
37
c
C (to reduce risk of contamination, do not completely immerse the vial in the warm 
water, keep the oring and cap out of the water).  Carefully monitor the vial until the 
thawing is complete (consider applying gentle agitation).  Remove the vial from the water 
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bath, dry it with kimwipes, and spray/wipe it in excess with 70% ethanol solution 
(disinfection/cleaning purposes).   
1.10 It is extremely important that during growth, the temperature of the cells must be kept at 
37
o
C.  However, during handling of cells, sudden or significant changes in temperature 
must be avoided.  Therefore, whenever cells are removed from incubation, any protocol 
must be followed rapidly and efficiently, and any necessary material and reagent must be 
prepared in advance. 
1.11 The next steps are again conducted in a laminar flow hood.  Open the vial and transfer the 
recently-thawed MA-104 cells to the 150 cm
2
 culture flask containing 25 mL of CELL 
MEM by pipetting with a new 5 mL sterile polystyrene disposable serological pipette 
with magnifier stripe (Fisherbrand) using a Drummond portable Pipet-Aid.  Incubate for 
1 hour at 37
o
C and in a 5% CO2 environment.  After the 1 hour, carefully monitor under a 
microscope (10X magnification) if the cells are attached to the substrate of the flask.  If 
the attachment of the majority of the cells is successful (cells should look as perfect dark 
orange-colored spheres and mono-attached all over the substrate), remove CELL MEM 
from the flask (this step is conducted to remove cryo-protective DSMO) by pipetting with 
a new 25 mL sterile disposable serological pipette.  Pour this CELL MEM in a properly-
labeled “MEM WASTE” container for further 30 minutes liquid autoclave process.  
Immediately pipette 25 mL of CELL MEM (already kept at 37
o
C to avoid shocking the 
cells with sudden temperature change) to the 150 cm
2
 flask containing the MA-104 cells.  
Incubate the flask at 37
o
C and in a 5% CO2 environment for 48 hours.  Place the CELL 
MEM Pyrex bottle, which was in the incubator, back in -4
o
C. 
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1.12 Discard all the used disposable serological pipettes in biohazard bags for further 30 
minutes gravity autoclave process. 
1.13 After 48 hours, place a CELL MEM bottle at 37oC for 2 hours.  When the temperature of 
the CELL MEM in the Pyrex bottle has reached 37
o
C, monitor the growing process of the 
MA-104 cells under a microscope (10X).  By now, the cells should not look spherical in 
shape and mono-attached anymore but rather flat, polymorphic, light orange-colored, and 
visibly dividing as a monolayer.  The recommended medium renewal for MA-104 cells is 
2 to 3 days, therefore, remove the CELL MEM from the 150 cm
2
 flask by pipetting with 
a new 25 mL sterile polystyrene disposable serological pipette using a Drummond 
portable Pipet-Aid.  Dispose this used CELL MEM in the MEM WASTE container.  
Immediately pipette 25 mL of CELL MEM (already kept at 37
o
C) to the 150 cm
2
 flask 
containing the MA-104 cells.  Incubate the flask at 37
o
C and in a 5% CO2 environment 
for 48 hours.  Place the CELL MEM Pyrex bottle, which was in the incubator, back in -
4
o
C. 
1.14 Repeat the step above (medium renewal every 2 days) until reaching cell confluence.  
Confluence for a new line of cells (first generation) takes between 6 to 10 days.  
Therefore this process would be repeated 3 to 5 times.      
1.15 After confirmation of cell confluence, start the process of splitting cells as follows: place 
a CELL MEM bottle and a PBS bottle at 37
o
C for 2 hours.   
1.16 Thaw a bottle of Trypsin/EDTA solution (originally at -20oC) at 37oC in a water bath.   
1.17 Remove the CELL MEM solution from the confluent MA-104 cells in the 150 cm2 flask 
by pipetting with a new 25 mL sterile polystyrene disposable serological pipette using a 
Drummond portable Pipet-Aid.  Dispose this used CELL MEM in the MEM WASTE 
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container.  Immediately rinse the MA-104 cells twice with 7 mL of PBS by pipetting with 
a new 10 mL sterile polystyrene disposable serological pipette using a Drummond 
portable Pipet-Aid. Dispose this used PBS in the MEM WASTE container.    
1.18 Add 3 ml of the Trypsin/EDTA solution to the monolayer of MA-104 cells and rock the 
flask to evenly coat the cells with the Trypsin/EDTA solution. 
1.19 Incubate the flask at 37oC and in a 5% CO2 environment for approximately 5 minutes.   
1.20 While incubation of the MA-104 cells, pipette 25 mL of CELL MEM (already kept at 
37
o
C) to nine 150 cm
2
 flasks.  Eight of these flasks will be used for roller bottle cell 
production while the remaining one flask will be used for rotavirus infectivity assay 
described in the next section (focus forming unit assay, FFU). 
1.21 After the 5 minutes, gently hit the flask with the palm of the hand to detach cells from the 
flask.  Then, carefully monitor under the microscope (10X) the dissociation of cells from 
the substrate of the flask.  If a considerable fraction of the cells are still attached to the 
substrate, place again the flask into incubation for additional 2 minutes, and constantly 
monitor the progress of detachment of cells.  If over-exposure to Trypsin/EDTA, cells 
may not be able to attach to a new substrate again. 
1.22 Once confirmed the detachment of the majority of cells, add 25 mL of MEM CELL by 
pipetting with a new 25 mL sterile polystyrene disposable serological pipette using a 
Drummond portable Pipet-Aid.  Titurate the cell-solution with the pipette to avoid fast 
sedimentation of cells due to their large size.   
1.23 Pipette 3 mL of the cell-solution to every of the nine 150 cm2 flasks containing 25 mL of 
CELL MEM (already kept at 37
o
C).  Remember, eight flasks will be destined for roller 
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bottle cell production and the remaining one flask will be destined for rotavirus 
infectivity assays (focus forming unit assay, FFU). 
1.24 Return the CELL MEM bottle to -4oC and the Trypsin/EDTA bottle to -20oC. 
1.25 Incubate the eight 150 cm2 flasks at 37oC and in a 5% CO2 environment for 48 hours. 
Repeat the procedures described above for media renewal of the eight 150 cm
2
 flasks and 
periodically monitor the growth of cells under a microscope (10X) until confluence.  
1.26 When cells in the flask are confluent, follow the next protocol for Roller Bottle cell 
production. 
1.27 Place a CELL MEM bottle (originally at -4oC) at 37oC for 2 hours and thaw a bottle of 
Trypsin/EDTA solution (originally at -20
o
C) at 37
o
C in a water bath.   
1.28 Add 50 mL of CELL MEM to an 850 cm2 roller bottle (Corning #430849) and incubate 
for 2 hours at 37
o
C and in a 5% CO2 environment by rotation at 0.75 rpm using a 
Wheaton Compact Roller System for Small Bottles (Fisher #22-288-525).  Keep the cap 
slightly open to allow CO2 to enter the roller bottle (for the rest of this study, the roller 
bottles will be placed inside the incubator with the cap slightly opened). 
1.29 Remove one 150 cm2 flask from incubation and start the process of cell detachment from 
the substrate as previously described above.   
1.30 Once confirmed the detachment of the majority of cells, add 10 mL of MEM CELL by 
pipetting with a new 10 mL sterile polystyrene disposable serological pipette using a 
Drummond portable Pipet-Aid.  Titurate the cell-solution with the pipette to avoid fast 
sedimentation of cells due to their large size.   
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1.31 Pipette the 10 mL of the cell-solution to an 850 cm2 roller bottle containing 50 mL of 
CELL MEM (already kept at 37
o
C) and incubate for 48 hours at 37
o
C and in a 5% CO2 
environment by rotation at 0.75 rpm. 
1.32 Repeat the Roller Bottle cell production for each of the remaining seven 150 cm2 flask 
containing MA-104 cells, one at a time. 
1.33 Return the CELL MEM bottle to -4oC and the Trypsin/EDTA bottle to -20oC. 
1.34 Repeat the procedures described above for media renewal of the eight 850 cm2 roller 
bottles and periodically monitor the growth of cells under a microscope (10X) until 
confluence.  Confluence for a new line of cells (now second generation) on roller bottles 
takes between 8 to 12 days.   
1.35 Start the rotavirus stock production as follows. 
1.36 Obtain Group A porcine rotavirus OSU strain stock (ATCC-VR892, originally stored at -
70
o
C in MEM solution).  Similarly to MA-104 cells, the virus stock should be shipped in 
dry ice. 
1.37 Prepare trypsin solution by diluting 0.01 g Trypsin (Sigma Aldrich #T0303) in 10 mL 
MEM solution (dose: 1 mg Trypsin/mL MEM).  To prevent contamination, aliquot in 
Eppendorf Snap-Cap 2 mL Microcentrifuge Safe-Lock Tubes.   
1.38 Place a PBS bottle and a MEM bottle (originally at -4oC) at 37oC for 2 hours.  Do not 
confuse MEM with CELL MEM.  AT this stage of the process we will no longer use 
CELL MEM.  The FBS (serum) contained in the CELL MEM inhibits RV attachment to 
cells and therefore negatively impacts the rotavirus stock production. 
1.39 Thaw the virus stock in a water bath at 37oC but carefully leaving the cap and oring out 
of the water.  After thawed, spray the vial with 70% ethanol in excess.   
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1.40 Add the virus solution, 192 L of Trypsin (dose: 8 L Trypsin/ml virus solution), and 24 
mL of MEM (already kept at 37
o
C) to a 33 mm polyethylene flat-top screw cap sterile 50 
mL conical centrifuge tubes (BD Falcon).  Incubate at 37
o
C for 30 minutes.  By exposing 
rotavirus to trypsin, the infectivity of viral particles increases significantly.  Right after 
use, the trypsin solution must be stored at -70
o
C. 
1.41 Remove the CELL MEM solution from the confluent MA-104 cells in the 850 cm2 roller 
bottle by pipetting with a new 25 mL sterile polystyrene disposable serological pipette 
using a Drummond portable Pipet-Aid.  Dispose this used CELL MEM in the MEM 
WASTE container.  Immediately rinse the MA-104 cells twice with 15 mL of PBS by 
pipetting with a new 25 mL sterile polystyrene disposable serological pipette using a 
Drummond portable Pipet-Aid. Dispose this used PBS in the MEM WASTE container.    
1.42 Add 3 mL of the recently-trypsinised rotavirus solution and 12 mL of MEM to the 850 
cm
2
 roller bottle and incubate for 90 minutes at 37
o
C and in a 5% CO2 environment by 
rotation at 0.75 rpm. 
1.43 Remove the viral solution by pipetting with a new 25 mL sterile polystyrene disposable 
serological pipette using a Drummond portable Pipet-Aid, and subsequently rinse the 
cells with 15 mL PBS.  Discard the viral solution and rinsing PBS solution in the MEM 
WASTE container. 
1.44 Add 15 mL of MEM (Already kept at 37oC) to the 850 cm2 roller bottle by pipetting with 
a new 25 mL sterile polystyrene disposable serological pipette using a Drummond 
portable Pipet-Aid and incubate at 37
o
C and in a 5% CO2 environment by rotation at 0.75 
rpm.  
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1.45 Conduct this process of rotavirus infection on MA-104 cells for the rest of the seven 
roller bottles, one at a time.   
1.46 Incubate the 8 roller bottles until cytopathic effects are evident (some rounding, cell 
degeneration, and sloughing), and must be monitored under a microscope (10X).  When 
at least approximately 90% of the cells are detached (usually below 24 hours), remove 
the cell/viral solution by pipetting with a new 25 mL sterile polystyrene disposable 
serological pipette using a Drummond portable Pipet-Aid and store in 4 sterile 50 mL 
conical centrifuge tubes (30 ml of viral/cell solution per centrifuge tube).     
1.47 Properly discard every disposable material that has been in contact with MA-104 cells 
(e.g., flasks, roller bottles, pipettes) or rotavirus in biohazard bags for further 30 minutes 
gravity autoclave process.  Autoclave the effluents produced from this rotavirus 
production process (e.g., MEM and PBS) along with every non-disposable material that 
has been in contact with MA-104 cells or rotavirus in 30 minutes liquid process.  
1.48 Store the four 50 ml centrifuge tubes at -70oC for 24 hours and then thaw them in a water 
bath at 37
o
C.  This sudden change in temperature causes the MA-104 cells to break apart 
and to liberate rotavirus particles that might still be inside partially-lysed cells.  Repeat 
this process a total of 3 times. 
2 Rotavirus stock concentration and purification3, 4 
2.1 The next centrifugation and sequential filtration steps are conducted to remove relatively 
large cell fragments and are optimized to minimize the loss of rotavirus particles during 
the process. 
2.2 Aliquot the viral solution (ca. 200 mL) in four 33 mm polyethylene flat-top screw cap 
sterile 50 mL conical centrifuge tubes (BD Falcon).  The caps must be screwed with 
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sterile 33x1.5 mm (internal diameter x cross section) nitrile orings to prevent biohazard 
spills during the next centrifugation step.   
2.3 Centrifuge the four 50 mL conical tubes at 5000 rpm in a Eppendorf centrifuge 5416 for 
15 minutes.  A whitish pellet made of lysed cells and a red and clear supernatant (i.e., 
containing rotavirus particles in MEM solution) with no apparent suspended solids is 
produced after the centrifugation process.  Carefully remove the supernatant without re-
suspending the pellet by pipetting with a 25 mL sterile polystyrene disposable serological 
pipette with magnifier stripe (Fisherbrand) using a Drummond 4-000-100 portable Pipet-
Aid.  Pour the supernatant in a 500 mL 45 mm diameter neck sterile Pyrex media bottle. 
Take a 0.5 mL sample in an Eppendorf Snap-Cap 2 mL Microcentrifuge Safe-Lock 
Tubes (label properly) for further infectivity assay. 
2.4 Vacuum-filter the viral solution (ca. 200 mL) through a disposable sterile 45 mm 
diameter bottle-top 0.45 m cellulose acetate (CA) membrane filter (Corning) into a 500 
mL 45 mm diameter neck sterile Pyrex media bottle.  Large cell fragments that were not 
separated during the previous centrifugation step are removed.  Take a 0.5 mL sample for 
further infectivity assay. 
2.5 Similarly to the previous step, vacuum-filter the viral solution (ca. 200 mL) through a 
disposable sterile 45 mm diameter bottle-top 0.22 m cellulose acetate (CA) membrane 
filter (Corning) into a 500 mL 45 mm diameter neck sterile Pyrex media bottle.  Small 
cell fragments that were not separated during the previous filtration step are removed.  
Take a 0.5 mL sample for further infectivity assay. 
2.6 The next dialysis/concentration step is conducted to remove small cell debris and MEM, 
delivering a pure and concentrated rotavirus stock solution. 
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2.7 Prepare 2x1 L of 1 mM NaCl and 0.1 mM CaCl2 solution by adding 0.058 g of NaCl and 
0.011 g of CaCl2 in 1 liter of ultrapure double-deionized water (18 M-cm resistivity).  
Filter this solution through a disposable sterile 45 mm diameter bottle-top 0.22 m 
cellulose acetate (CA) membrane filter (Corning) into a 1 L 45 mm diameter neck sterile 
Pyrex media bottle.   
2.8 Place a 63.5 mm diameter 100 kDa polyvinylidene difluoride (PVDF) sterile membrane 
(HFM-180, Koch membranes) in a 200 mL Millipore Amicon Bioseparations Stirred Cell 
(model 8200).  Pour the viral solution (ca. 200 mL) in the Amicon cell and connect it 
directly to a pressure valve-regulated ultrapure Nitrogen gas (N2) tank. By directly 
applying N2 gas at 40 psi pressure and a stirring velocity of approximately 60 rpm, small 
debris and MEM will be removed through the ultrafiltration PVDF membrane while the 
rotavirus particles will be kept in the Amicon cell.  Collect the effluents in a 1 L 45 mm 
diameter neck Pyrex media bottle.  Stop the process by closing the pressure valve when 
the viral solution inside the Amicon cell reaches approximately 20 mL.  Add 180 mL of 
the previously prepared 1 mM NaCl and 0.1 mM CaCl2 solution in the Amicon cell, close 
the cap, and apply direct N2 gas pressure until the viral solution reaches approximately 20 
mL.  Repeat this process a total of 11 times, until finishing the 2 L of previously prepared 
1 mM NaCl and 0.1 mM CaCl2 solution.  Remove the remaining 20 mL of purified 
rotavirus solution and aliquot in ten Eppendorf Snap-Cap 2 mL Microcentrifuge Safe-
Lock Tubes (label properly).  Store this rotavirus stock at 4
o
C in the dark. Take a 0.2 mL 
sample for further infectivity assay.   
2.9 Measure the hydrodynamic diameter of rotavirus in a Zetasizer ZS90, by pouring 100 L 
of the rotavirus stock in a disposable micro cuvette (ZEN0118).  The rotavirus population 
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can be considered as monodispersed if the hydrodynamic size does not exceed 110 nm 
with a polydispersivity index (PDI or wide parameter of the cummulant analysis) lower 
than 0.2 (one peak distribution population).    
2.10 Properly discard every disposable material that has been in contact with MA-104 cells or 
rotavirus (e.g., 50 mL centrifuge tubes, pipettes, bottle-top CA membrane filters, PVDF 
membrane) in biohazard bags for further 30 minutes gravity autoclave process.  
Autoclave the approximately 2.18 L effluents produced from this dialysis-concentration 
process along with every non-disposable material that has been in contact with MA-104 
cells or rotavirus (e.g., Amicon ultrafiltration cell, 500 mL and 1 L Pyrex bottles) in 30 
minutes liquid process. 
2.11 Conduct an infectivity assay with the samples collected, as described in the next section, 
to assess the loss of rotavirus particles during the process of stock concentration and 
purification. 
3 Focal forming unit infectivity assay1, 2 
3.1 After cell confluence confirmation of the 150 cm2 flask originally destined for FFU assay 
(Section 1), start the process of splitting cells and setting up 24-well tissue culture plates 
as follows: place a CELL MEM bottle and a PBS bottle at 37
o
C for 2 hours.   
3.2 Thaw a bottle of Trypsin/EDTA solution (originally at -20oC) at 37oC in a water bath.   
3.3 Remove the CELL MEM solution from the confluent MA-104 cells in the 150 cm2 flask 
by pipetting with a new 25 mL sterile polystyrene disposable serological pipette using a 
Drummond portable Pipet-Aid.  Immediately rinse the MA-104 cells twice with 7 mL of 
PBS by pipetting with a new 10 mL sterile polystyrene disposable serological pipette 
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using a Drummond portable Pipet-Aid. Dispose this used PBS and CELL MEM solution 
in the MEM WASTE container.    
3.4 Add 3 ml of the Trypsin/EDTA solution to the monolayer of MA-104 cells and rock the 
flask to evenly coat the cells with the Trypsin/EDTA solution. 
3.5 Incubate the flask at 37oC and in a 5% CO2 environment for approximately 5 minutes.   
3.6 After the 5 minutes, gently hit the flask with the palm of the hand to detach cells from the 
flask.  Then, carefully monitor under the microscope (10X) the dissociation of cells from 
the substrate of the flask.  If a considerable fraction of the cells are still attached to the 
substrate, place again the flask into incubation for additional 2 minutes, and constantly 
monitor the progress of detachment of cells.  As similarly described in the previous 
section, if over-exposure to Trypsin/EDTA, cells may not be able to attach to a new 
substrate again. 
3.7 Once confirmed the detachment of the majority of cells, add 70 mL of MEM CELL by 
pipetting with a new 25 mL sterile polystyrene disposable serological pipette using a 
Drummond portable Pipet-Aid.  Titurate the cell-solution with the pipette to avoid fast 
sedimentation of cells due to their large size.   
3.8 Pipette 1 mL of the cell-solution to every well of three 24-well tissue culture plates (BD 
Falcon# 08-772-1H).   
3.9 Return the PBS and CELL MEM bottle to -4oC and the Trypsin/EDTA bottle to -20oC. 
3.10 Incubate the three 24-well tissue culture plates at 37oC and in a 5% CO2 environment for 
48 hours.  Repeat the procedures described in the previous sections for media renewal 
and periodically monitor the growth of cells under a microscope (10X) until confluence.  
To achieve confluence of MA-104 cells in culture plates usually takes several days. 
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3.11 When cells in the 24-swell plates are confluent, follow the next protocol for infection of 
cells with rotavirus, one plate at a time. 
3.12 Place one microcentrifuge Safe-Lock Tube containing trypsin solution (already aliquoted 
in the previous section), a MEM bottle, and a PBS bottle at 37
o
C for 2 hours.  Be careful 
not to confuse MEM with CELL MEM. 
3.13 As described in the previous sections, tripsinise all your rotavirus samples with 10 L of 
trypsin solution per 1.0 ml of virus sample and incubate for 30 minutes at 37
o
C. 
3.14 In the meantime, properly mark (codify) 1 mL microcentrifuge Safe-Lock Tube for serial 
dilutions of rotavirus samples.  Recommended dilutions for rotavirus samples are: 1/5, 
1/10, 1/50, 1/100, 1/500, and 1/1,000.   
3.15 Serially dilute tripsinised rotavirus samples in MEM solution in the prepared 
microcentrifuge tubes to a final volume of 500 L (for example: dilution 1/10 contains 50 
L of tripsinised rotavirus sample and 450 L MEM solution). 
3.16 Remove the media from every well of the plate and rinse twice with 2 mL of PBS per 
well.  A 12-channel pipetter (Eppendorf# 13-688-512, 30 to 300 L) is highly 
recommended at this step of this process.   
3.17 The distribution of the wells in tissue culture plates follows the next notation: rows are 
labeled A, B, C, and D; while columns are labeled 1, 2, 3, 4, 5, and 6. Add 100 L of 
previously diluted rotavirus samples to each well, keeping track of the location of the 
each diluted sample. 
3.18 It is highly recommended to pipette 100 L of only MEM solution to well D6 as a 
negative control (i.e., no FFU should be detected after further immunocytochemistry 
analysis in this well). 
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3.19 Incubate the plate at 37oC and in a 5% CO2 environment for 30 minutes. 
3.20 Remove the viral solution from each well.  Rinse each well with 1 mL MEM solution.  
Once again, it is highly advisable to use a multichannel pipetter for these steps. 
3.21 Add 1 mL MEM solution per well and Incubate the plate at 37oC and in a 5% CO2 
environment for 16 to 18 hours. 
3.22 Return the PBS and MEM bottle to -4oC, and properly discard every disposable material 
that has been in contact with MA-104 cells (e.g., pipetter tips, flasks) or rotavirus in 
biohazard bags for further 30 minutes gravity autoclave process.  Autoclave the effluents 
produced from this rotavirus production process (e.g., MEM and PBS) along with every 
non-disposable material that has been in contact with MA-104 cells or rotavirus in 30 
minutes liquid process. 
3.23 The immunochemical detection of virus-infected cells (FFU infectivity assay) is 
conducted following the next protocol: 
3.24 Prepare 200 mL of the 9:1 methanol:glacial acetic acid, by adding 180 mL of Methanol to 
20 mL of glacial acetic acid in a 250 mL Pyrex beaker.  Prepare 200 mL of 70% ethanol 
solution, by adding 140 mL of ethanol to 60 mL of de-ionized water in a 250 mL Pyrex 
beaker.  Prepare 200 mL of 50% ethanol solution, by adding 100 mL of ethanol to 100 
mL of de-ionized water in a 250 mL Pyrex beaker.  Prepare 1 liter of wash buffer by 
adding 15.15 g TRIS-HCl (Fisher Scientific# PR-H5121), 20.45 g NaCl, 3.47 g TRIS-
base (Fisher Scientific# PR-H5133), and 2.5 mL Triton X-100 (Fisher Scientific# 
NC9903183) to 1 L of deionized water (wash buffer must be kept at -4
o
C until used).  
The solutions described above were prepared in large volumes for multiple FFU assays 
and can be stored for long periods of time.  Label the containers. 
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3.25 The next solutions were prepared in small volumes for approximately one infectivity 
assay. Prepare 8 mL of 3% H2O2 solution by adding 800 L of 30% H2O2 (Fisher 
Scientific# H325-100) to 7.2 mL of wash buffer in a 15 mL conical centrifuge tube.  
Prepare 8 mL of 5% normal goat serum (NGS, Fisher Scientific# NC9270494) by adding 
400 L of NGS to 7.6 mL of wash buffer in a 15 mL conical centrifuge tube.  Prepare 8 
mL of rabbit anti-human rotavirus antibody solution (termed in this study as 1
st
 antibody) 
by adding 80 L of 1st antibody (AbB Serotec# AHP1360) to 7.9 mL of wash buffer in a 
15 mL conical centrifuge tube.  Prepare 8 mL of bio-tinylated goat anti-rabbit lgG 
solution (termed in this study as 2
nd
 antibody) by adding 120 L of NGS and 40 L of 2nd 
antibody to 7.9 mL of wash buffer in a 15 mL conical centrifuge tube.  Properly label all 
containers. 
3.26 The timing of every upcoming steps must be followed rigorously using a chronometer.  
In addition, once the FFU assay is started, it cannot be interrupted until completing the 
entire process (approximately 4 hours).  The process of “incubation” during 
immunocytochemistry is conducted at ambient temperature on a rocking platform (Fisher 
Scientific# 13-878-475) unless otherwise indicated.  Furthermore, it is highly advisable to 
use a multichannel pipetter during the entire infectivity assay.   
3.27 Remove the MEM solution from all the wells and rinse twice with 1 mL of PBS solution 
per well. 
3.28 Fix the cells by adding 1 mL of 9:1 methanol:glacial acetic acid solution per well for 2 
minutes.  Remove immediately the fixing solution and place it in a separate labeled-
container for further proper disposal due to high its toxicity. 
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3.29 Rehydrate cells by adding 500 L of 70% ethanol to every well and incubate for 5 
minutes.  After removing the 70% ethanol solution, continue the rehydration process by 
adding 500 L of 50% ethanol and incubate for 5 minutes.  Remove the 50% ethanol 
solution.  
3.30 Quench any endogenous peroxidase activity by adding 150 L 3% H2O2 solution per well 
and incubate for 10 minutes. Remove the 3% H2O2 solution. 
3.31 Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.32 Add 150 L of 5% NGS solution per well to inhibit any nonspecific primary antibody 
binding and incubate for 20 minutes.  Remove the 5% NGS solution. 
3.33 Add 150 L of 1st antibody solution to each well and incubate at 37oC for 1 hour.  
Remove the 1
st
 antibody solution. 
3.34  Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.35 Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.36 Add 150 L of 2nd antibody solution to each well and incubate for 20 minutes.   
3.37 During incubation of the 2nd antibody solution, prepare 8 mL of Vectastain ABC solution 
(Fisher Scientific# NC9313719) by adding 160 L of reagent A and 160 L of reagent B 
to 7.6 mL of wash buffer in a 15 mL conical centrifuge tube.  In addition, prepare 8 mL 
of DAB solution (KLP DAB kit, Fisher Scientific# NC9068240) by adding 3 drops of 
TRIS buffer, 2 drops of DAB, 2 drops of H2O2 (these 3 reagents are included in the DAB 
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kit) to 8 mL of deionized water in a 15 mL conical centrifuge tube.  Remove the 2
nd
 
antibody solution. 
3.38 Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.39 Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.40 Add 150 L of Vectastain ABC solution to each well and incubate for 20 minutes.  
Remove the Vectastain ABC solution. 
3.41 Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.42 Add 500 L of wash buffer per well and incubate for 10 minutes.  Remove the wash 
buffer solution. 
3.43 Add 150 L of DAB solution to each well and incubate for 20 minutes.  Remove the 
DAB solution and dispose in a separate labeled-container for further proper disposal due 
to its toxicity. 
3.44 Add 500 mL of deionized water to each well. 
3.45 Properly discard every disposable material that has been in contact with MA-104 cells or 
rotavirus in biohazard bags for further 30 minutes gravity autoclave process.  Autoclave 
the effluents produced from this immunocytochemistry process along with every non-
disposable material that has been in contact with MA-104 cells or rotavirus in 30 minutes 
liquid process.  Properly store glacial acetic acid/methanol solution, 70% and 50% 
ethanol solutions in chemical cabinets in their corresponding sections.  
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3.46 Use a 10X microscope to inspect the integrity of the monolayer of cells in each well.   If 
the process was conducted carefully, no significant detachment should be evident.    
4 Preparation of natural organic matter (NOM) samples 
4.1 Prepare 500 mL of 1 mM NaHCO3 solution by adding 0.042 g of NaHCO3 to 500 mL of 
DDI water (18 M-cm resistivity).  Measure the pH of this solution, which should be 
8.3.  Filter this solution through a disposable sterile 45 mm diameter bottle-top 0.22 m 
cellulose acetate (CA) membrane filter (Corning) into a 500 mL 45 mm diameter neck 
sterile Pyrex media bottle.  The pH of the solution should not experience any variation. 
4.2 Add 10 mg of the NOM sample (originally kept in a desiccator at ambient temperature) 
to 50 mL of the previously prepared 1 mM NaHCO3 solution in a sterile 50 mL conical 
centrifuge tube (BD Falcon).  Cover the NOM solution from the light with aluminum foil 
and rotate using a Lab tube/vial Rotator (Glas Col #099A RD4512, Terre Haute, USA) at 
6 rpm overnight.   
4.3 Filter the NOM solution through a disposable sterile 33 mm diameter bottle-top 0.22 m 
cellulose acetate (CA) membrane filter (Corning) into a sterile 50 mL conical centrifuge 
tube (BD Falcon).  Take 1 mL of the NOM sample in an Eppendorf Snap-Cap 2 mL 
Microcentrifuge Safe-Lock Tube for further total organic carbon (TOC) measurement.  
Aliquot the NOM solution in five sterile 15 mL conical centrifuge tube (BD Falcon), 
label properly, cover from light with aluminum foil, and finally store at -4
o
C. 
4.4 Measure the TOC of the NOM sample using a Phoenix 8000 TOC analyzer (Dohrmann, 
USA).  
5 Cleaning of silica surfaces5 
155 
 
5.1 Prepare 2% Hellmanex solution by diluting 5 mL of Hellmanex (Hellma Analytics, USA) 
solution in 245 mL of DI water in a sterile 250 mL Pyrex bottle.  In addition, prepare 100 
mL of sulfuric acid/nochromix solution by adding 30 g nochromix/L (dose: 3 g 
nochromix) to 98% sulfuric acid in a 250 mL sterile Pyrex bottle. 
5.2 Silica surfaces were obtained from Q-sense (Sweeden) with a surface area of 
approximately 0.7 cm
2
. 
5.3 Cleaning procedure of silica surfaces were conducted as follows: carefully place the silica 
surface in a Teflon holder (Q-Sense Sensor Holder, Sweden) using tweezers (AFM 
Cantilever Tweezers, NM-SS, TedPella, USA). Pour 50 mL of 2% Hellmanex solution in 
a sterile 100 mL Pyrex beaker.  Immerse the Teflon holder with the silica surface in the 
2% Hellmanex solution for 120 minutes.  Remove the Teflon holder from the 2% 
Hellmanex solution.  Using tweezers remove the silica surface from the Teflon holder 
and rinse with DI water in excess.  Dry the surface using ultrapure nitrogen gas (N2). 
5.4 Using tweezers, place the silica surface in a (60 mm diameter x 15 mm height) sterile 
Pyrex petri dish (Corning #08-747A).  Using a 1 mL Pyrex serological pipette (Corning 
#13-671-101C), pipette 400 L of sulfuric acid/nochromix solution on the silica surface, 
cover the petri dish, and store at -4
o
C for 24 hours.  Remove the sulfuric acid/nochromix 
solution with a 1 mL Pyrex serological pipette (properly dispose this solution) and rinse 
the silica surface with DI water in excess (using tweezers).  Dry the surface using 
ultrapure nitrogen gas (N2). 
5.5 Using tweezers, place the silica surface at the center of a microscope glass slide 
(3”x1”x1.0mm, Fisher #12-550-343, USA).  Insert the glass slide in an Ozone/UC 
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chamber (BioForce Nano-Sciences Inc., Ames, IA) and oxidize the colloidal probe for 30 
minutes. 
6 Cleaning of new AFM colloidal probes 
6.1 Before starting the cleaning procedure of the AFM probes, measure the sensitivity and 
spring constant of the AFM silica colloidal probes as describe in the section above. 
6.2 Pipette 7 mL of 70% ethanol to a new 47 mm sterile disposable tight-fit lid petri dish (BD 
Falcon #08-757-105). 
6.3 It is highly recommended to use a microscope (10X) for the manipulation of the AFM 
silica colloidal probes.  
6.4 Using tweezers (AFM Cantilever Tweezers, NM-SS, TedPella, USA), carefully immerse 
the silica colloidal probe (once again always grab it by the supporting chip and do not 
actually touch the cantilever) in the ethanol solution for 2 hours.   
6.5 Pipette 7 mL of DI water to a new 47 mm sterile disposable tight-fit lid petri dish (BD 
Falcon #08-757-105). 
6.6 Remove the silica colloidal probe from the ethanol solution and immerse in DI water for 
2 hours. 
6.7 Remove the colloidal probe from DI water and place it at the center of a microscope glass 
slide (3”x1”x1.0mm, Fisher #12-550-343, USA).  Under a microscope (10X), carefully 
dry the support chip (cantilever base usually made of silica) with Kimwipes without 
touching the cantilever. 
6.8 Oxidize the colloidal probe (along with the glass slide) in an Ozone/UC chamber 
(BioForce Nano-Sciences Inc., Ames, IA) for 30 minutes.   
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6.9 Store the clean colloidal probe in a sterile glass bottom culture petri dish (35 mm petri 
dish, 14 mm microwell, MatTek #P35G-0-14-C) until further coating. 
7 Measuring sensitivity and spring constant of AFM colloidal probes 
7.1 Obtain 1 m (diameter) silica (SiO2) colloidal probes (silicon nitride cantilever 0.06 N/m, 
Novascan #PT.SiO2.SN.1).   
7.2 A MFP-3D Stand Alone (SA) Atomic Force Microscope (Asylum Research, USA) will 
be used in this study. 
7.3 Turn on the Molecular Force Probe 3D controller.  Subsequently, turn on the Laser 
switch and wait 30 minutes for the laser to warm up. 
7.4 Turn on the Fiber lite MI-150OR High Intensity Illuminator (Dolan Jenner, USA) and set 
the intensity controller to 100%. 
7.5 Load (Igor Pro-based) MFP-3D software (Asylum Research, USA).   
7.6 Carefully remove the Head and place it upside-down next to the Base. 
7.7 Remove the standard cantilever holder by pushing the black pin located at the front to 
release the holder. 
7.8 Under a microscope (10X) and using tweezers (AFM Cantilever Tweezers, NM-SS, 
TedPella, USA), carefully place the silica colloidal probe (always grab it by the 
supporting chip and do not actually touch the cantilever itself) on the holder and secure it 
using a small Phillips screwdriver (usually 2 soft turns are enough to prevent breaking the 
cantilever).  
7.9 Place the cantilever holder back in the head, making sure to push the black pin to secure 
the holder. 
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7.10 Place a previously cleaned calibration grid (rinsed in 70% ethanol, DI water, and dried 
with ultrapure N2) on the stage (top of the base) and secure it at the corners with 2 small 
magnets. 
7.11 Carefully place the Head back on top of the base. 
7.12 The stage is micrometer driven for mechanical alignment of the silica colloidal probe and 
calibration grid.  Therefore, manually align the head by rotating the 3 knobs that controls 
the three legs of the head.  Allow a separation distance of only a couple of millimeters 
between the calibration grid and the cantilever. 
7.13 In the MAIN tab, click IMAGING MODE, and select CONTACT mode, and set the 
SETPOINT to 1 volt. 
7.14 Select INCREASING and RELATIVE by clicking on these options. 
7.15 Adjust the SCAN RATE to 0.3 Hz.  This rate results in a VELOCITY of 600 nm/s, which 
is a parameter commonly used in these studies. 
7.16 Adjust the FORCE DISTANCE to 1 m. 
7.17 Turn on VIDEO CAPTURING, by clicking the VIDEO icon.  An image of the cantilever 
will be visualized.  Adjust the focus of the image with the CAMERA knob located at the 
rear of the head.  If necessary, adjust the field diaphragm located at the front of the base 
for a better image. 
7.18 The cantilever must look black in color.  If yellowish, the cantilever is probably bended 
(and therefore no longer useful).  To rule out this possibility, repeat the silica colloidal 
probe mounting process. 
7.19 Aim the laser light to the very tip of the cantilever with the X and Y knobs located at the 
sides of the head.  Slightly move the laser across the tip of the cantilever for maximizing 
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the SUM signal (constantly monitor the SUM at the SUM AND DEFLECTION METER 
window).  A maximized SUM usually ranges from 4 to 6 (depending on the cantilever). 
7.20 Adjust the deflection to zero with the DEFLECTION KNOB located at the side of the 
head, always monitoring the SUM AND DEFLECTION METER window. 
7.21 Manually place a static neutralizer close to the cantilever holder (this is only necessary in 
air scanning and not in liquid scanning)  
7.22 At this point we must remember that there is an approximate separation distance of a 
couple of millimeters between the AFM probe and the calibration grid. 
7.23 Click ENGAGE at the SUM AND DEFLECTION METER window.  The Z VOLTAGE 
will go up to 150. 
7.24 Manually approach the AFM probe to the calibration grid by lowering the head with the 
front knob until the Z-VOLTAGE at the SUM AND DEFLECTION METER window 
reaches approximately 70.  A beep will alert when reaching this level (hitting the 
SETPOINT of 1 volt). 
7.25 Click WITHDRAW at the SUM AND DEFLECTION METER window. 
7.26 Click SINGLE FORCE at the MAIN window.  A new window will open and a force 
versus distance curve (approaching on red and retraction on black) will be generated.  
Focus on approaching regime only (red curve). 
7.27 Click CONTROL+I, and a small window will pop-up.  Drag the hollowed-circle icon 
(labeled A) to the beginning of the approaching curve (force=0, where there is no 
interaction between the AFM probe and the calibration grid).  Similarly, drag the 
hollowed-squared icon (labeled B) to approximately 500 nm from the beginning of the 
approaching curve. 
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7.28 On the FORCE window, at the CAL tab, click SENSITIVITY, and select VIRTUAL 
DEFL LINE.  This option corrects the slope of approaching curve during the “no 
interaction” regime (slope should be = 0). 
7.29 Click WITHDRAW at the SUM AND DEFLECTION METER window (always 
withdraw before generating a new force versus distance curve). 
7.30 Click again SINGLE FORCE at the MAIN window.  A new force versus distance curve 
will be generated.  Click again CONTROL+I, and a small window will pop-up.  This 
time drag the hollowed-circle icon (labeled A) to the end of the approaching curve, which 
corresponds to the end of the contact regime between the AFM probe and the calibration 
grid.  Similarly, drag the hollowed-squared icon (labeled B) to approximately the 
beginning of the contact regime.  The contact region between the AFM probe and the 
calibration grid is characterized by a perfectly linear regime. 
7.31 On the FORCE window, at the CAL tab, click SENSITIVITY, and select DEFL 
INVOLS.  This option calculates the sensitivity of the cantilever.  Write down the value 
of the sensitivity (in units of nm/V) displayed at the DEFL INVOLS cell in the CAL tab.   
7.32 Raise the head using the front knob.   
7.33 At the THERMAL tab, click CAPTURE THERMAL DATA and a new window 
displaying the thermal spectra of the cantilever will pop-up.   
7.34 At ZOOM CENTER, select the approximate location of the center of the most prominent 
peak (in units of Hz).  This value is highly dependent on the cantilever and is usually 
mentioned by the vendor in the technical specifications. 
7.35 At ZOOM WIDTH, select the approximate width of the most prominent peak (in units of 
Hz). 
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7.36 Click INITIALIZE FIT.  This fit will be conducted on the selected peak and will result on 
the calculation of the spring constant of the cantilever. Write down the value of the 
SPRING CONSTANT (in units of pN/nm) displayed at the DEFL INVOLS cell in the 
CAL tab.    
7.37 Close the THERMAL window. 
7.38 Remove the head and place it upside down next to the base.   
7.39 Remove the cantilever holder as previously describe.  In addition, using tweezers and 
under a microscope (10X), remove the silica colloidal probe from the holder and 
carefully place it in an AFM probe box.  Label this silica colloidal probe and record the 
values of sensitivity and spring constant. 
7.40 Turn off the software, turn off the laser switch, set the intensity controller to 0, turn off 
the high intensity illumination switch, and finally turn off the power of the molecular 
force probe 3D controller. 
8 NOM coating protocol of silica surfaces6 
8.1 Prepare 50 mL of HEPES buffer by adding 100 mM NaCl (0.292 g NaCL) and 10 mM 
N-(2-hydroxyethyl) piperazine-N′-2-ethanesulfonic acid (0.130g HEPES) to 50 mL of DI 
water in a 50 mL conical centrifuge tube. 
8.2 Prepare PLL solution by dissolving poly-L-lysine (PLL) hydrobromide (Fisher # 
ICN10269180) in HEPES buffer at a final concentration of 0.1 g/L in the original PLL 
glass container. 
8.3 The coating protocol of silica surfaces will be conducted following the layer-by-layer 
procedure as follows: place the silica surface back in the sterile Pyrex petri dish and 
pipette 400 L of PLL solution on the surface and allow to coat for 8 hours.  Remove the 
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PLL solution by pipetting.  Rinse twice the now PLL-coated surface by pipetting 400 L 
of DI water.  This rinsing procedure must be conducted carefully to avoid touching the 
surface.   
8.4 Pipette 400 L of NOM stock solution on the PLL-coated silica surface and allow to coat 
for 8 hours.  Remove the NOM solution by pipetting.  Rinse twice the now NOM-coated 
surface by pipetting 400 L of DI water.  This rinsing procedure must be conducted 
carefully to avoid touching the surface.   
8.5 Using double-sided tape, immediately glue the silica surface to the center of a microscope 
glass slide (3”x1”x1.0mm, Fisher #12-550-343, USA) 
8.6 Pipette 200 L of DI water on the NOM-coated silica surface to keep the NOM hydrated 
(do not allow the NOM layer to dry).  Desiccation of NOM may affect its interactions 
with rotavirus, and therefore produce non-representative force vs. distance profiles. 
8.7 Immediately use this sample for NOM experimentation.   
9 Rotavirus coating protocol of AFM colloidal probes6 
9.1 The coating protocol of AFM colloidal probes will be conducted following the layer-by-
layer procedure as follows: pipette 400 L of PLL solution in a sterile glass bottom 
culture petri dish (35 mm petri dish, 14 mm microwell, MatTek #P35G-0-14-C). 
9.2 Pipette 7 mL of DI water into 2 new 47 mm sterile disposable tight-fit lid petri dish (BD 
Falcon #08-757-105). 
9.3 It is highly recommended to use a microscope (10X) for the manipulation of the AFM 
silica colloidal probes.  
9.4 Using tweezers carefully place the clean AFM silica colloidal probe in the PLL solution 
and allow to coat for 8 hours. 
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9.5 Using tweezers carefully remove the now PLL-coated silica colloidal probe from the PLL 
solution and place it in the first petri dish containing DI water for 3 to 5 minutes for 
rinsing purposes.  
9.6 On a separate new sterile glass bottom culture petri dish, pipette 400 L of rotavirus 
stock solution. 
9.7 Remove the PLL-coated silica colloidal probe from the petri dish containing DI water 
and immerse it in the rotavirus solution and allow to coat for 8 hours. 
9.8 Remove the rotavirus-coated silica colloidal probe from the rotavirus solution and place it 
in the second petri dish containing DI water for 3 to 5 minutes for rinsing purposes. 
9.9 Immediately start AFM experiments and do not allow the rotavirus-coated silica colloidal 
probe to dry.  Desiccation of rotavirus may affect its interactions with NOM, and 
therefore produce non-representative force vs. distance profiles. 
10 Probing rotavirus-coated probes on NOM-coated silica surface with Atomic force 
microscopy
6
 
10.1 Turn on the Molecular Force Probe 3D controller.  Subsequently, turn on the Laser 
switch and wait 30 minutes for the laser to warm up. 
10.2 Turn on the Fiber lite MI-150OR High Intensity Illuminator (Dolan Jenner, USA) and set 
the intensity controller to 100%. 
10.3 Load (Igor Pro-based) MFP-3D software (Asylum Research, USA).   
10.4 Carefully remove the Head and place it upside-down next to the Base. 
10.5 Remove the standard cantilever holder by pushing the black pin located at the front to 
release the holder. 
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10.6 Under a microscope (10X) and using tweezers (AFM Cantilever Tweezers, NM-SS, 
TedPella, USA), remove the (recently prepared) rotavirus-coated silica colloid from DI 
water and place it in a microscope glass slide.  Carefully dry the support chip with 
Kimwipes without touching the cantilever.  By drying the support chip, it will become 
easier to place the AFM probe on the holder.   
10.7 If the next steps are conducted quick enough then the cantilever, and therefore the 
rotavirus-coated colloid, will remain wet.  
10.8 Using tweezers, place the rotavirus-coated silica colloidal probe (always grab it by the 
supporting chip and do not actually touch the cantilever itself) on the holder and secure it 
using a small Phillips screwdriver (usually 2 soft turns are enough to prevent breaking the 
cantilever).  
10.9 Place the cantilever holder back in the head, making sure to push the black pin to secure 
the holder. 
10.10 Place a NOM-coated silica surface (already glued in a microscope glass slide) on the 
stage (top of the base) and secure it at the corners with 2 small magnets. 
10.11 Carefully place the Head back on top of the base. 
10.12 The stage is micrometer driven for mechanical alignment of the cantilever and calibration 
grid.  Therefore, manually align the head by rotating the 3 knobs that controls the three 
legs of the head.  Allow a separation distance of only a couple of millimeters between the 
calibration grid and the rotavirus-coated silica probe. 
10.13 With the left hand lift the head from the front (the 2 back legs must be in contact with the 
stage while the front leg is lifted). 
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10.14 With the right hand pipette approximately 200 L of the desired electrolyte solution on 
top of the NOM-coated silica surface without touching the substrate. 
10.15 Slowly lower the head, allowing the holder to carefully immerse in the 200 L of 
electrolyte solution. 
10.16 In the MAIN tab, click IMAGING MODE, and select CONTACT mode, and set the 
SETPOINT to 1 volt. 
10.17 Select INCREASING and RELATIVE by clicking on these options. 
10.18 Adjust the SCAN RATE to 0.3 Hz.  This rate results in a VELOCITY of 600 nm/s, which 
is a parameter commonly used in these studies. 
10.19 Adjust the FORCE DISTANCE to 1 m. 
10.20 Turn on VIDEO CAPTURING, by clicking the VIDEO icon.  Similarly to air conditions 
(described in the previous section), an image of the cantilever will be visualized in the 
electrolyte solution.  Adjust the focus of the image with the CAMERA knob located at 
the rear of the head.  If necessary, adjust the field diaphragm located at the front of the 
base for a better image. 
10.21 The cantilever must look black in color.  If yellowish, the cantilever is probably bended 
(and therefore no longer useful).  To rule out this possibility, repeat the rotavirus-coated 
silica colloidal probe mounting process. 
10.22 Aim the laser light to the very tip of the cantilever with the X and Y knobs located at the 
sides of the head.  Slightly move the laser across the tip of the cantilever for maximizing 
the SUM signal (constantly monitor the SUM at the SUM AND DEFLECTION METER 
window).  Similarly to air conditions, a maximized SUM usually ranges from 4 to 6 
(depending on the cantilever). 
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10.23 The DEFLECTION value at the SUM AND DEFLECTION METER window, should 
display unstable decreasing values with time (this unstable regime occurs in solution due 
to the stabilization of the cantilever to the electrolyte conditions).  Before adjusting the 
deflection to zero (in the next step), wait at least 15 minutes until deflection stabilizes in a 
fix value. 
10.24 Adjust the deflection to zero with the DEFLECTION KNOB located at the side of the 
head, always monitoring the SUM AND DEFLECTION METER window. 
10.25 In the FORCE window, manually input the values of sensitivity and spring constant 
obtained for this specific cantilever during the previous section. 
10.26 At this point we must remember that there is still an approximate separation distance of a 
couple of millimeters between the AFM probe and the calibration grid. 
10.27 Click ENGAGE at the SUM AND DEFLECTION METER window.  The Z VOLTAGE 
will go up to 150. 
10.28 Lower the head with the front knob until the Z-VOLTAGE at the SUM AND 
DEFLECTION METER window reaches approximately 70.  A beep will alert when 
reaching this level (hitting the SETPOINT of 1 volt). 
10.29 Click WITHDRAW at the SUM AND DEFLECTION METER window. 
10.30 Click SINGLE FORCE at the MAIN window.  A new window will open and a force 
versus distance curve (approaching on red and retraction on black) will be generated.  
Focus on approaching regime only (red curve). 
10.31 Click CONTROL+I, and a small window will pop-up.  Drag the hollowed-circle icon 
(labeled A) to the beginning of the approaching curve (force=0, where there is no 
interaction between the AFM probe and the calibration grid).  Similarly, drag the 
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hollowed-squared icon (labeled B) to approximately 500 nm from the beginning of the 
approaching curve. 
10.32 On the FORCE window, at the CAL tab, click SENSITIVITY, and select VIRTUAL 
DEFL LINE.  This option corrects the slope of the approaching curve during the “no 
interaction” regime (slope should be = 0). 
10.33 Click WITHDRAW at the SUM AND DEFLECTION METER window (always 
withdraw before generating a new force versus distance curve). 
10.34 Click again SINGLE FORCE at the MAIN window.  A new force versus distance curve 
will be generated.  Click again CONTROL+I, and a small window will pop-up.  This 
time drag the hollowed-circle icon (labeled A) to the end of the approaching curve, which 
corresponds to the end of the contact regime between the rotavirus-coated probe and the 
NOM-coated silica surface.  Similarly, drag the hollowed-squared icon (labeled B) to 
approximately the beginning of the contact regime.  The contact region between the 
rotavirus-coated silica colloidal probe and the calibration grid is characterized by a 
perfectly linear regime.   
10.35 In the small window generated right below the force versus distance curve, notice the 
values of X and Y, which represents the slope of the contact region between the 
rotavirus-coated silica colloidal probe and the NOM-coated silica surface. 
10.36 The ratio of these 2 values (X and Y) must be close to 1 (±5%).  This indicates that the 
previous measurement of sensitivity of the clean colloidal silica probe was correct and in 
good agreement with the now rotavirus-coated silica colloidal probe.   If there is a 
noticeable difference between both sensitivities, then probably the cantilever was affected 
by the coating process (although this possibility rarely occurs). 
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10.37 Click WITHDRAW at the SUM AND DEFLECTION METER window. 
10.38 At this point, we have calibrated the necessary parameters for conducting force versus 
distance curves (e.g., spring constant, sensitivity, virtual defl line, defl invols, scan rate, 
and force distance).   
10.39 Subsequently, at the AR SAVE PANEL, choose a BASE NAME for the force versus 
distance curves to be generated and a PATH in the hard disk.  Click SAVE CURVES TO 
DISK at the MAIN menu/SAVE tab. 
10.40 By clicking FORCE CURVE at the MAIN window, a new force versus distance curve 
will be generated and it will be automatically saved in the PATH declared. 
10.41 Remove the head and place it upside down next to the base.   
10.42 Remove the cantilever holder as previously describe.  In addition, using tweezers and 
under a microscope (10X), remove the cantilever from the holder and carefully place it in 
a cantilever box.   
10.43 Turn off the software, turn off the laser switch, set the intensity controller to 0, turn off 
the high intensity illumination switch, and finally turn off the power of the molecular 
force probe 3D controller. 
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